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PREFACE 


Efficiency in combustion and fuel utilization is daily assum- 
ing added importance as the most accessible supplies of our best 
fuels approach depletion, and as fuel costs advance. Recent 
years have seen such widespread adoption of new methods of 
fuel utilization that the science of combustion has not kept 
abreast of practice. This book—the outgrowth of a lecture 
course at the Massachusetts Institute of echnology—covers 
the field broadly and in so far as possi. points out the under- 
lying principles on which further progress must be based. It 
is intended to meet the needs of mer using fuels in industry, and 
of students in technical schools and colleges. It is believed 
that this volume will serve in (vo ways: first, by giving a com- 
prehensive treatment of the subject, and second, by means of 
numerous references guidiug him) uto further and more intensive 
study. 

In order to give the reader the proper viewpoint, the first 
subjects treated are the origin, composition and production of 
the natural fuels—coa), petroleum and natural gas. In the 
chapters devoted te combustion equipment, representative 
types are described ‘is illustrative of modern design. Since the 
interpretation of combustion data depends on calculations based 
on the common coinbustion reactions, this phase of the subject 
is presented in cor siderable cetail. Secondary or manufactured 
fuels—producer ‘ater, oil and coal gas—are given special prom- 
inence in view © their rapidly growing importance. Since the 
flow of air and flue gases and heat transfer are inseparably 
connected wit! | he © pacity and efficiency of combustion equip- 
ment, the book: -concludes with three chapters dealing with 
these subiects. The decision as to the amount of space to be 
allocated to eo ) subject is a matter of individual judgment, and 
the author: _ making this decision, have been fortunate in 
securing ‘ic advice of many engaged in the industry. 

Because the. combustion of fuels is essentially a chemical 
change, av adequate treatment of the subject requires an under- 
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standing of the chemical principles involved. The authors 
have endeavored to make the volume self-contained in this 
respect. 

Wherever possible, actual plant data have been used in the 
illustrative examples and the results of calculations are given 
only to the number of significant figures commensurate with 
the probable accuracy of the basic data. In a few instances the 
more rigorous scientific qualifications have been omitted for 
clearness of presentation. 

Throughout the book some intentional repetition has been 


introduced for the sake of emphasis, or in order to avoid the 
necessity of turn’ ©< to previous chapters. A representa- 
tive bibliography 1s at the end of each chapter. 

Data and materia -> been drawn from many sources. Full 
acknowledgment as becn 2 ven and any omission is unintentional. 
In addition to the acknow/ecgments given throughout the book, 
special thanks are cue to \ir. H. O. Forrest of the Chemical 
Engineering Depar nen he Massachusetts Institute of 
Technology for the vast amount cf work done in connection 
with Chapters X, XVII, Appendices I, If and III. Dr. E. W. 
Thiele, of the Standard O11 Company of Indiana, has rendered 
invaluable assistance in nection with Chapter XIX. Thanks 
are also due the following: Professors J. T. Ward and William 
P. Ryan of the Massachusetts Institute of Technology for 
reviewing and proof reading, \iv. 2. L. Hershey for assistance 
in indexing, and Mr. Philip Byrne, of the American Gas & 
Electric Corporation, Mr. D. W vf the Iroquois Gas 
Company of Buffalo, New York, Mir. O. O. Malleis of the 
Koppers Company, Mr. F. H. Johnson of the Petroleum Heat & 
Power Company, Mr. M. E. Benesh of the Peoples Gas, Light 
and Coke Company of Chicago, Mr. Stewsrt Coleman of The 
Humble Oil and Refining Company of Houston, Texas, and 
Mr. L. J. Willien of Charles H. Tenney & Con .any for reviewing 
various chapters. 

BI . HasamM. 
toBERT P. RussELL. 


CAMBRIDGE, MASSACHUSETTS, 
December, 1925. 
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FUELS AND THEIR 
COMBUSTION 


CHAPTER I 
THE FUEL SITUATION 


Efficiency in the use and production of heat and power is one 
of the major engineering problems of the present day. The 
world’s energy demands are constantly increasing and to meet 
these expanding requirements we must look to coal, petroleum, 
and water power. Without the energy which is developed by 
the combustion of our fuels and by the utilization of our water 
power, civilization in its present state would not be possible. 

In the early stages of social development the distasteful work 
of existence'* was done by a laboring class composed of slaves. 
In more recent industrial nations, however, this need has been 
met, in certain countries, by repression of the laboring class on 
the part of those in authority, making it practically impossible 
for them to rise above this class, or, as in the United States, by 
importing low-grade labor from other nations and by installing 
labor-saving devices. The labor situation, both in the United 
States and throughout the world, has altered materially since 
the outbreak of the World War and industry must now rely 
on an increased labor efficiency to offset the steadily mounting 
labor costs. Thus, in the United States, due somewhat to our 
recent immigration policy, we are gradually being forced to an 
increase in power consumption and in power efficiency through 
the economic pressure developed by the high price of labor. This 
increased effectiveness of human effort can be brought about in 
only one way—through the more efficient utilization of our 
natural resources in the production of energy. This energy to 
run our machines must be developed primarily from the combus- 
tion of our fuels. 

* Throughout this book reference figures in the text refer to the bibliog- 


raphies at the end of each chapter. 
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Importance of Energy from Mineral Fuels and Water Power.— 
The major sources of energy are coal, petroleum, natural gas, 
and water power. It is extremely difficult to estimate the world’s 
total power load, but we have available certain reasonably accu- 
rate figures for the United States showing the amount of energy 
derived from fuels and water power. Table I shows? the quan- 
tity of energy (from 1819 to 1924) produced annually in the 
United States from coal, petroleum, natural gas, and water 
power. The almost negligible quantity of energy supplied by 
the combustion of wood and by work animals has been omitted. 


TABLE I 


ANNUAL SUPPLY OF ENERGY FROM MINERAL FUELS AND WATER POWER IN 
THE UNITED STATES 
(Figures represent trillions of B.t.u. Water power is represented by B.t.u. 
of coal necessary to produce the same amount of power.) 


= = ie) es need 
a "2 2 oA 3 3 2 
aes ee ee ee bare ke 
Yea soiled om is A eh te ee hee 
S122). 8.) hel 3) & |S a) ecaleeee eee 
tea bee cs ee ee IS eee 
UST ONE elector (a) Baroriars XG) Bl Seehtarai| ool ayo are] eee ee CSN Reais a bee 
W829 sae octrese 4 3 (3) Bn creme) (ice e (hers coc tt cee 6} No data 
UG ee Gee 27 41 GSlfatrerene | leial « s/ehe. «| oe Meter ee 68] No data 
TBA G toric sriate 109 64 WR a ery i hI rai) face) | Seer e 173] No data 
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LSB Onroad tes 464] 415] 879] 25).......]..... 25] 904] No data 
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TSOO aaereesteies 1,643] 5,065} 6, 708 342) (c) 240}..... 582| 7,291 135 7,426 
OOO Pertti 2,205] 9,949]12, 155) 1,099 517] 0.4/1, 616|13, 771 411 | 14,182 
RTS Boeke 2,490/12,535)15, 025} 1,491 626/102 |2, 219/17, 243 588 | 17,831 
OLS snare sari 2,688/15, 180}17, 868} 2, 136 775)226 13, 137]21,005 837 | 21,842 
OVO oo seen 2, 396/12, 206/14, 602] 2,270 802/317 |3,389]17,991 892 | 18,883 
1920 eee 2,437/14, 899/17, 336] 2,658 858/637 |4,153/21,489 971 | 22,460 
1 er eciog eae 2, 461/10, 897/13, 358] 2,833 712|752  |4,297|17,655 908 | 18,563 
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(a) No figures for water power are available prior to 1889. The fuel equivalent for water 
power is calculated from the reported horsepower of installed water wheels, assuming a 
capacity factor of 20 per cent for manufactures and mines, and of 40 per cent for public 
utilities, and assuming that the theoretical thermal equivalent of 1 hp.-hr. (2,547 B.t.u.) 
is 7 per cent of the B.t.u. that would have been consumed in generating 1 hp.-hr. from fuels 
in practice. For 1919 to 1924, however, actual reports of the hp.-hours produced by water 
in electric utility plants have been used. 

(b) Less than 0.5, 

(c) Based on the amount of coal displaced by gas as estimated by the gas companies at 
the time. 

(d) Preliminary figures. 
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The values in the table are all on the same basis, namely, the 
heating value of the fuels in trillions of B.t.u. Water power is 
represented by the heating value of the equivalent fuel. 

The unit of energy used in the table, one trillion B.t.u., is too 
large to be intelligible, but the magnitudes of the various items 
in Table I show the relative proportion of the total power pro- 
duced by the different fuels and by water power. Thus the 
energy from anthracite and bituminous coal is over 70 per cent 
of the total. The relative rates of growth? of the different sources 
of energy (with conditions in 1918 as the basis of comparison) are 
shown in Fig. 1. The figure shows that the consumption of 
bituminous coal increased steadily up to 1918, but since then has 
remained practically constant. Thus in 1918 the bituminous coal 
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Fig. 1.—Relative growth of production of bituminous coal, oil, natural gas, and 
water power in the United States. 


production of the United States was about 570,000,000 tons, while 
in 1923 it was slightly less, about 560,000,000 tons. In spite 
of this lack of recent growth, however, coal still remains the chief 
industrial fuel. 

Contrast the rate of growth of coal consumption with the 
growth of energy derived from oil and natural gas. The produc- 
tion of petroleum in the United States more than doubled 
during the period from 1918 to 1923 and the consumption of 
natural gas also showed a substantial increase. The combined 
energy from domestic and imported oil and natural gas was 
91 per cent greater in 1923 than in 1918. This increase reflects 
the tremendous growth of the automobile industry, which has 
expanded until over 300,000,000 hp.* is being generated in auto- 
mobiles in the United States today. The total energy demand 
of the United States in 1923 was 12 per cent greater than in 
1918. The annual fuel bill of the United States, from a conserva- 
tive estimate, is probably about $5,000,000,000 at the point of 
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fuel production, and about double this amount at the point of 
fuel consumption. In thinking of these huge sums 1t must be 
realized that the average efficiency in fuel utilization is probably 
not over 10 per cent. An increase in efficiency of 1 per cent 
(from 10 to 11 per cent) would mean a yearly saving of approx1- 
mately $1,000,000,000. ! 
Interest in fuel conservation, intensified by rising fuel prices, 
already has resulted in an increase in efficiency in a number of 
industries. In the production of coke for metallurgical work, 
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Fie. 2.—Losses in average practice of coal utilization compared with losses in 
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beehive coking, which wastes about 35 per cent of the heat in 
the coal, has been replaced largely with by-product coking, which 
recovers all but 10 to 15 per cent of the heat. From 1913 to 
1923 the amount of coke required, on the average, for the produc- 
tion of 1 ton of pig iron decreased over 10 per cent. Electric 
utilities burned 3.2 Ib. of coal in 1919 to produce 1 kw.-hr., 
while in 1923 only 2.4 lb. of fuel were required. The railroads, 
prominent among the users of fuel, have materially reduced coal 


consumption per ton-mile. (From 0.146 lb. of coal per ton-mile 
in 1923 to 0.127 lb. in 1925.) 


(THE FUEL SITUATION 5 


Efficiency of Fuel Utilization—These increased efficiencies, 
important as they are, hardly touch the vast and expanding 
field of fuel conservation and proper fuel utilization. Power, in 
universal use in factories, represents one of the four largest 
items of cost in almost every manufacturing enterprise and in 
some cases amounts to from 50. to 60 per cent of the total. 
Notwithstanding the encouragement of these cited economies 
and in spite of the magnitude of the world’s fuel bill, the avoid- 
able wastes in fuel use are appalling. Dr. George O. Smith‘ of 
the U. 8. Geological Survey has used Fig. 2 to demonstrate 
forcibly the contrast between wasteful and economical use of 
our coal resources. In the big central stations, which have 
modern turbine equipment, and in which the effort is always 
toward the highest efficiency compatible with economy, it isfound 
that for each 600 Ib. of coal (theoretically equal to 1000 hp.-hr.) 
the plant burns another 600 lb. of coal from which it receives 
no return. In addition to the 600 lb. representing plant losses 
even under best conditions, 40 lb. additional are consumed in trans- 
it and 80 lb. are left in the coal mine or are consumed in mining. 

These conditions may be contrasted impressively with average 
practice; the small steam plant with its poor load factor, high 
heat loss up the stack, inefficient equipment, and lack of proper 
supervision and control wastes actually in excess of 9000 lb. of 
coal for each 600 lb. that it really utilizes. Under average con- 
ditions about 30 per cent of the coal in the mine is left under- 
ground and this, coupled with various other inefficient practices 
at the mine, accounts for a loss of almost 5000 Ib., a large part 
of which is preventable. Moreover, almost a third of the freight 
carried by our railroads is coal, and the losses and consumption 
of the coal in transit account for another 730 lb. Therefore, 
as shown by Fig. 2, in average practice 8 to 10 tons of coal are 
used to do the work that might be done with less than 1 ton of 
coal under the best modern conditions. 

Fuel Resources.—The important wastes in fuel production 
and the glaring inefficiencies in fuel utilization which marked 
the earlier stages of industrial development were either ignored 
at the time or were but dimly recognized. Now, however, they 
take on a new and serious significance. Juels have risen greatly 
in cost. The better class of our natural fuels, our best and most 
readily accessible coal, our petroleum and natural gas unques- 
tionably approach depletion. It is of the utmost importance 
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that efforts be made to use more efficiently the invaluable 
resources which remain in our custody as trustees for future 
generations. 

Concerning our available coal, Smith? has said: 


The fact that more than half of the world’s coal resources are believed 
to lie within the territory of the United States has led too many of us 
into unwarranted optimism. The total tonnage involves strings of 
figures hard for us to comprehend, but the tonnage remaining in the 
great producing fields of the East is so limited as to compel us to foresee 
their exhaustion within periods of the same magnitude as those which 
you executives figure as the expectancy of life for your industrial enter- 
prises. For example, the Pittsburgh bed in Pennsylvania was esti- 
mated, 40 years ago, as good for 30 generations, but the rate of mining 
has so greatly increased that now we must measure the exhaustion of 
this largest bed in the Keystone State by the space of a single generation. 
In the Georges Creek field in Maryland this same bed, there called 
the ‘Big Vein,’’ was believed 40 years ago to have a life of at least 150 
years, but today the field is almost worked out. Even if you turn to 
a less nearly exhausted field, such as the Pocahontas, the earlier opti- 
mistic calculations of an expectancy of life of four or five generations 
are now reduced to three or even two. 


The situation in respect to our supplies of petroleum and 
natural gas is even worse than in the case of coal. Three of the 
major petroleum-producing areas in the United States seem to 
offer no possibilities of increased production, and the estimated 
amount of petroleum left underground in the United States, if 
it could be produced as fast as wanted, would not be sufficient to 
meet the petroleum demands for more than 50 years. With 
increasing petroleum consumption, this country must look more 
and more to imported oil, except as advancing prices may make 
it an economic possibility for industry to obtain petroleum prod- 
ucts by a method yet to be developed (see Chaps. VI and VII). 
Wasteful methods of use have exhausted a large proportion of 
the potential energy in the natural gas available at manufacturing 
centers, and for this high-grade fuel the point of maximum pro- 
duction has already been passed. 

It is of the utmost importance that more economical methods 
of production and use of fuels be introduced to prevent our 
resources being used contrary to our best national advantage. 
“True fuel conservation lies not so much in hoarding, as in 
intelligent and efficient use.”’ 
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The Development and Use of Power.—The most important 
source of energy is coal (as shown by Table I) and the develop- 
ment and use of power, until recently, have been intimately 
connected with the production of coal. Coal was known at least 
as early as the fourth century®® B.C., and the beginnings of a 
regular coal trade appeared in the thirteenth century. It was 
not until about 1730, however, when the Abraham Darbys, 
father and son, revived the practice of smelting iron with coal 
instead of charcoal, that the modern use of coal really began.7 
This process had first been brought out by Dud Dudley in 1621, 
but had fallen into disuse only a few years after its inception. 
In the century following the Darbys’ reintroduction of this process 
the annual iron production of Great Britain rose to about 
750,000 tons. 

The invention of James Neilson, about 1830, using preheated 
air in blast furnaces, lent further impetus to the iron industry 
and paved the way for the further developments in fuel economy 
in iron smelting. Just as the necessity of pumping the coal mines 
furnished one of the chief incentives for the originators of the 
steam engine, it was the development of steam power during 
the “Industrial Revolution” that started the coal industry 
toward its present position of extreme economic importance. 
The invention of Bessemer (1855) and the origination of the open- 
hearth furnace by the Siemens brothers in 1861 made possible the 
production of cheap steel. Cheap steel again increased coal 
production (since coke is a necessity for metallurgical work) and 
made possible cheap transportation. With the inventions of 
James Watt and others, with the increased power utilization 
following the Industrial Revolution, with the need for steel 
brought about by railways and other ramifications of industry 
in its new growth, came the insistent demand for an ever-increas- 
ing coal production and power development. 

The rate of coal production of the United States and Great 
Britain over the period from 1890 to 1924 is shown in Fig. 3. 
In the United States the consumption of coal in the past 40 years 
has increased at the rate of about 6 per cent per annum. To 
bring the tremendous figures of coal production within the grasp 
of the mind, Steinmetz has pointed out that with the mass of 
coal produced in the United States in one year (nearly two-thirds 
of a billion tons) it would be possible to build a wall like the 
Chinese Wall all around the United States, following the Cana- 
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dian and Mexican frontiers, the Atlantic, Gulf, and Pacific 
coasts. The chemical energy contained in the next year’s coal 
production would be sufficient to lift this entire wall into space, 
200 miles high. 

Up to about 1870, more than half of the fuel consumed in the 
United States was anthracite coal. Gradually, however, the use 
of bituminous coal has increased to such an extent that its con- 
sumption has become four to five times the consumption of 
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Fig. 3.—Coal production in the United States and Great Britain from 1899 to 
1924. 


anthracite. Similarly, other fuels are now encroaching to a 
certain extent on the fields formerly served by bituminous coal. 
Figure 4 shows? the per cent of the total energy supply of the 
United States which has been contributed by each of the mineral 
fuels and by water power over the period from 1819 to 1924. 
The tremendous advances in the automobile industry since 1900 
and the consequent demands for gasoline are reflected in the 
figure. In 1924, for example, the demand for gasoline, fuel oil, 
and other petroleum products had increased to such an extent 
that energy supplied from oil contributed about 23 per cent of 
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the total requirements of the country. In 1918 oil supplied only 
about 15 per cent. 

Natural gas, with its waning supply, contributes only about 
5 per cent of the nation’s fuel needs, and water power, although 
it has shown a substantial increase since 1900, still remains but a 
minor factor. Over 90 per cent of the power load of the 
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Fic. 4.—Per cent of total energy supplied by mineral fuels and water power. 
Figures for the United States. 


United States is located east of the Rocky Mountains, whereas 
this area possesses only 30 per cent of the potential water 
power, only a small fraction of which has been developed. 
Fuel always will be the most important source of energy, 
since over half the energy required by man must be in the 
form of heat. 


10 FUELS AND THEIR COMBUSTION 


INDUSTRIAL FUELS 


In the production of heat and power three general types of 
fuels are used; solid, liquid, and gaseous. The more important, 
classified as to their being either natural or manufactured, are 
shown in Table II. 


TABLE II 
CLASSIFICATION OF FUELS 
TYPE (a) Narurat, or PRIMARY (b) ManvuracTURED, OR 
: SECONDARY 
Anthracite coal Coke 
Bituminous coal Charcoal 
Solids as, cceeresecuets Lignite Briquets 
Peat 
Wood 
Tar 
Petroleum distillates 
Taiquideseeee ese ee etrolerum Petroleum residuums 
Alcohols 
Colloidal fuel 
Illuminating gas 
Water gas 
GASCOUBI cde asers fee Natural gas Gays 
Producer gas 
Blast-furnace gas 
Acetylene 


Solid Fuels.—Coal.—Of the solid fuels, coal is by far the most 
important, being the cheapest and most abundant. This class 
of fuels includes the anthracite and bituminous coals and the 
lignites. It is also the raw material for the majority of the 
Secondary Fuels. At present bituminous coal is the premier 
fuel for industrial purposes, anthracite being important in the 
United States primarily as a domestic fuel. In the future, with 
the exhaustion of our bituminous supplies, lignite and peat will 
become exceedingly important. 

Coal contains inert matter in the form of ash and water, vary- 
ing in amount from 8 to 40 per cent. The heating value ranges 
from about 16,000 for the better coals to about 11,500 B.t.u. per 
pound of actual organic substance for the poorer lignites. 

Coke.—Coke, the residue left on the carbonization of coal, finds 
its major outlet in the metallurgical industries. It is also 
utilized extensively in the production of water gas and as a 


¢ 
THE FUEL SITUATION 11 


domestic fuel. It has very little volatile matter, and contains 
a higher percentage of ash than the coal from which it is made. 

Wood.—Wood, on account of its high price and the large 
amount of moisture and combined water which must be evapo- 
rated, has ceased to be a commercially important fuel (except 
in the production of lime, in the case of waste from saw mills, 
etc.). The evaporative power is 3.5 to 4.2 lb. of water per pound 
of unseasoned wood and 4.2 to 5.1 lb. of water per pound of sea- 
soned material. These figures are to be compared with an evapo- 
rative power of 7 to 10 lb. of water per pound of coal and 10 to 
15 lb. of water per pound of oil. 

Other Solid Fuels —Charcoal (the residue from the distillation 
of wood) and briquets (fine coal bonded with a plastic material) 
are at present not particularly important in the United States, 
from a commercial viewpoint. The briquetting industry 
however, has grown rapidly in the past few years, and will 
become increasingly important with the necessity for more com- 
plete utilization of our coal supply. 

Liquid Fuels.—Petroleum.—Crude petroleum is a mixture of 
hydrocarbons, the heating value ranging from 18,000 to 20,500 
B.t.u. per pound, depending on the gravity. The composition 
of the petroleum varies considerably according to the district 
from which it comes. Most petroleum is subjected to partial 
distillation before being used as a fuel in order to save the more 
valuable light gasoline and the heavy lubricating stocks. 

Petroleum Distillates—The products obtained in the distilla- 
tion of petroleum which are used for fuel oil contain the middle 
portions of the crude substance and are practically free from 
inert material. 

Alcohol.—Alecohol, with a heating value of 12,390 B.t.u. 
per pound when pure, is not important commercially as a fuel at 
present. It is possible that it may be a future source of fuel 
supply, particularly as a substitute for gasoline. 

Gaseous Fuels.—On account of varying composition, the 
heating values of the different gaseous fuels vary quite widely. 

Natural Gas—Natural gas, now rapidly becoming depleted, 
is composed chiefly of hydrocarbons, particularly methane, 
and some ethane, though some gases contain hydrogen, very 
small amounts of helium, and a varying per cent of nitrogen. 
At present, before burning, most natural gas is stripped of all 
readily condensable hydrocarbons, which are used in the blending 
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of commercial motor fuels. The heating value is about 700 to 
1400 B.t.u. per cu. ft. 

The other gaseous fuels vary in composition and in heating 
value from about 550 B.t.u. per cu. ft. for illuminating gas 
through 125 to 185 B.t.u. per cu. ft. for producer gas to as low 
as 90 B.t.u. per cu. ft. for blast-furnace gas. 

Gas formed by the destructive distillation or carbonization of 
coal is called either alluwminating gas, coal gas, manufactured gas, 
or city gas. Such gas has a heating value of between 550 and 
600 B.t.u. per cu. ft. and is composed principally of methane, 
unsaturated hydrocarbons, and hydrogen. Blue water gas, 
consisting primarily of hydrogen and carbon monoxide, is made 
by the interaction of steam with incandescent carbon, and usually 
has a heating value of about 300 B.t.u. per cu. ft. Blue water 
gas enriched with the gaseous products of the thermal decom- 
position of oils is called carburetted water gas, has a heating value 
of from 400 to 600 B.t.u. per cu. ft., and is often mixed with coal 
gas. Ozl gas is made by the thermal decomposition or “ crack- 
ing” of hydrocarbon oils into lighter, fixed hydrocarbon gases; 
it ordinarily has a heating value of from 450 to 650 B.t.u. per 
cu. ft. Producer gas, made by the partial combustion of solid 
fuels with a mixture of air and steam, consists primarily of carbon 
monoxide, hydrogen, and nitrogen; due to the nitrogen content, 
the heating value usually is about 140 to 185 B.t.u. per eu. ft. 

A more detailed description of the above fuels is given in the 
subsequent chapters. 
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CHAPTER II 
THE ORIGIN AND COMPOSITION OF COAL 


It is generally recognized that coal has been formed from 
‘vegetal matter and that the transformation took place in two 
stages: first, the formation of peat, and, second, the devolatili- 
zation of the peat. In the first stage, during the main coal- 
forming periods, the rate of plant growth was probably much 
more rapid than at the present time. This was due to a temper- 
ate, even climate, abundant and regular rainfall, high humidity 
which prevented excessive evaporation of water, and, possibly, to 
a high content of carbon dioxide in the air to stimulate plant 
growth. The formation of peat took place in two steps: (a) the 
accumulation of the plant material, and (b) a biochemical decay, 
which was brought about by the action of bacteria (micro-organ- 
isms). The biochemical decay was brought to an end either by 
the development of toxic substances which killed the bacteria 
or by the burial of the peat beneath sediments. The second 
stage in coal formation, which brought about the devolatilization 
and condensation of the peat, is termed dynamo-chemical, since 
a chemical action (the splitting off of water, carbon dioxide, etc.) 
was caused by a pressure exerted as the result of a movement of 
the earth’s crust. A more extensive treatment of these theories 
follows: 

Validity of Vegetal Origin of Coal.—Although formerly coal 
was supposed to have been formed by the inclusion of igneous 
seams of bituminous substances between layers of other material, 
an examination of the evidence at once shows that this view is 
untenable. As pointed out by Moore:? 


So definite is the evidence, however, that all coal has resulted from 
the alteration of vegetal matter in some form, that a theory of origin 
based on any other premise may be dismissed without consideration. 
Anyone questioning this conclusion has but to observe the transition 
from peat to lignite and from lignite to bituminous coal, with a gradual 
decrease in the distinctness of the plant remains in passing from the 
lower to the higher grades of coal, to be convinced regarding this matter. 

13 
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He goes on to point out that coals which to the naked eye show 
no woody structure, when examined more closely under the 
microscope show unmistakably the remains of spores and wood 
tissue. Even anthracite seams have shown full trees gone to 
coal, still retaining, however, the markings of the original wood 
and bark. 


STAGES OF COAL FORMATION FROM VEGETAL GROWTH 


Accumulation of Vegetal Matter.—There are two main theories 
concerning the method by which the vegetal matter for the for- 
mation of coal was accumulated. The first considers that the 
deposits accumulated through the vegetal matter of the swamps 
falling where it grew and is called the in situ theory; while the 
second, the transport theory, considers that the deposits were 
formed from vegetal matter carried down streams and deposited 
in huge deltas at the river mouth. The evidence in favor of 
each may be summed up somewhat as follows:* 

The following evidence favors the zn situ theory as to the 
accumulation of the woody matter: (1) There are at the present 
time a number of swamps in which vegetal matter is accumulating 
on a scale sufficient to produce coal seams of considerable extent. 
(2) The coal should not be as free as it is from ash if the vegetal 
matter had been transported downstream along with other 
sediments. Periods of high water and floods, most favorable 
for transportation, also give rise to large amounts of sediment. 
(3) Trunks of trees are found in coals with roots piercing the 
underlying clays. (4) The large coal deposits were formed in 
land that was near the sea level, and a slight sinking of the surface 
would have allowed small amounts of sediment to be washed in. 
(5) Soils on which trees grew during the coal-forming periods 
are often found beneath the coal seams. (6) It would have 
been impossible for the vegetal matter to collect in the open sea, 
and in deltas where large amounts of mud are usually deposited. 
(7) The layers of cannel coal in bituminous coal indicate patches 
of open water in swamps where spores could collect in quantities. 

Arguments in favor of the transport theory of accumulation 
are as follows: (1) Timber in huge quantities drifts down streams 
in virgin-forest regions. (2) Peat and lignite have been found 
in some modern deltas. (3) Marine fossils often are found in 


* For a more complete exposition of the theories regarding the formation 
of coal beds, the reader is referred to Moors, ! p. 124 et seg., and STEVENSON.? 
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the strata above and below the coal. (4) Fish remains have 
been found in coal, especially in the English cannels. (5) It is 
difficult to determine whether a tree stump is located where it 
grew or was transported by water and buried by sand which 
washed in around it. (6) Trees have been found with tops 
headed downward. (7) It would appear difficult for large trees 
to take root in the enormous depths of vegetal matter that were 
necessary to produce some of our large coal seams. 

Most of our larger coal deposits (such as the Pittsburgh seam) 
were undoubtedly formed by the zn situ method. There are 
other coal beds, however (mainly occurring as local deposits, 
such as the Commentry coals in France), the vegetal matter for 
which may have been transported by water. 

Formation of Peat.*—It is generally recognized that coal of all 
ages and varieties has been formed from peat, and, as pointed out 
by Davis,* a study of the peat deposits of the present day shows 
the processes through which the vegetal matter must pass to 
become coal. 

A large amount of peat is forming at the present time, though 
these deposits, in spite of their magnitude, are small in compari- 
son with the peat beds that gave rise to our large coal seams. 
The conditions most favorable to peat formation are regular 
and abundant rainfall and constantly high humidity of the air. 
The abundant rainfall supplies the water required to preserve the 
plant remains, and the high humidity tends to lessen evaporation. 
The climate should be temperate, since the saturation of cold 
air is much easier than hot air. The typeof land formation is also 
exceedingly important, since there must be means of allowing 
water to collect. Usually the land had a very gentle slope, with 
consequent poor drainage, or possessed numerous depressions 
in which water could collect to offset periods of slight rainfall and 
high evaporation. The climatic requirements are usually best 
met in the cold or temperate regions, though peat deposits are 
also encountered to a lesser extent in the tropics. 

In the peat bogs growth begins usually in a pond or lake, the 
process developing with the growth and decay of plants near 
the edge, the type of plant varying with the distance from the 
shore; that is, one type of plant may be able to grow partly or 
wholly submerged, while another may be able to grow only in 

* An excellent discussion of the mechanism and chemistry of peat forma- 
tion is given by Thiessen.* 
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the shallower portions of the pond. In this way a series of zones 
of plant life are formed, varying in size and type with the depth 
of water. With the growth and partial decay of the plants, a 
deposit of peat forms along the shore and on the bottom of the | 
pond, this material gradually increasing in amount until in time 
the pond may be almost filled with débris. With the increasing 
depth of water there is a gradual change in the type of vegetal 
life, the pond weeds, bulrushes, and floating algae being dis- 
placed by moss, which is, in turn, followed by small trees. 
Periods of drought or flood may interrupt this progression, either 
hastening it or causing the type of plant matter to revert to its 
original form, thus giving rise to bands or zones of different 
appearance and structure in the resultant coal. 

In addition to the peat bogs, there are a number of water- 
soaked plains, never completely under water, where peat is 
forming at the present time. In these deposits, where the 
water just reaches the surface, the type of vegetation is com- 
posed chiefly of the turf-forming plants. The ‘“‘tule”’ marshes 
of the Pacific Coast of the United States, the Arctic tundra, 
the canebrakes, and cat-tail flag marshes are examples of this 
type. 

The main examples of present-day peat accumulation are the 
Dismal Swamp of North Carolina and Virginia, the Okefinokee 
Swamp in Georgia, and large swamps in Java and Sumatra. 
The average water level in these swamps is sufficiently low so 
that the woody plant types (shrubs and trees) make up the major 
part of the plant life, and for this reason the peat is composed 
chiefly of the remains of this kind of vegetation. In the Dismal 
Swamp, for example, White® states that it is a little difficult to 
find places where a steel rod can be rammed down to a depth of 
6 ft., the logs and stumps in the peat being so thick. It has 
been estimated that the available peat in this swamp is about 
672,000,000 tons. There is also distinct evidence that sinking 
of the land level is slowly taking place at the present time, thus 
allowing the water level to increase with the increasing amount 
of peaty deposit. 

Biochemical Decay.—During the formation of peat, the woody 
matter after falling becomes more or less disintegrated and the 
Structure of the material, both physical and chemical, is greatly 
altered. This process is biochemical, the major part of the dis- 
integration being brought about by the action of micro-organisms 
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and fungi. Obviously, the extent of this action is dependent 
on the conditions prevailing, such as the amount and circulation 
of water, the temperature, the oxygen supply necessary for bac- 
terial growth, and the development of toxins which affect the 
life of the bacteria. The biochemical process on the one hand 
may cease with only partial decomposition of the woody texture, 
leaving the peat in such condition that lignitie or woody coals 
are later formed, or, on the other hand, it may progress to more 
complete obliteration of the plant material, producing the peat 
in the proper condition for the formation of the “amorphous” 
coals. The biochemical process yields as a product an uncon- 
solidated, hydrated, possibly jellified peat, varying in appearance 
and composition according to the extent and severity of the 
bacterial action. 

The Rate of Peat Formation—From the preceding discussion 
it is evident that the rate of peat formation in present-day peat 
bogs is dependent on the rate of growth of the vegetable matter 
and on the amount and type of decomposition which it undergoes. 
In stagnant water the plant substances may be fairly well pre- 
served from decay, causing a relatively rapid deposition of peat, 
while if the vegeta! matter can be attacked readily, the rate 
of accumulation will be very slow and only the most resistant 
portions will be left. Also, in practically every case, the rate 
varies at different stages even in the same bed, due to per-ods 
of drought or flood. These same conditions were in force at 
the time of the decomposition of the peat which gave rise to 
our coal seams. During these periods, however, the climate was 
relatively warm, there was more abundant and more regular 
rainfall, as contrasted with modern conditions of alternate wet 
and dry seasons, so that peat formation at the present time is 
slower than during the main coal-forming periods. White,° 
basing his estimates on the early rate of peat decomposition on a 
study of the modern subtropical coastal-swamp peat deposits, 
estimates (1) that at the present time in the North Temperate 
Zone about 1 ft. of peat is forming per century; and (2) 2 ft. of 
peat were formed in a century in the swamps of the Carboniferous 
coal fields. 

Devolatilization of Peat by Thrust Pressure.—The second stage 
in the formation of coal is brought about by a dynamo-chemical 
process which greatly alters the physical and chemical properties 
of the hydrated peat formed during the biochemical decay. The 
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process is called “dynamo-chemical”’ because a chemical action 
is brought about by a movement of the earth’s crust. This process 
brings about a densification of the peat due to the load of soil 
on top, and results in a loss of water, certain of the decayed liquid 
products forming a dehydrated binder or paste. A further 
step in this process, brought about by the application of intense 
pressure, often resulting from an upward thrust of the earth’s 
crust, causes a further loss of water, accompanied by devolatili- 
zation, whereby carbon dioxide, carbon monoxide, and other 
gases are evolved. 

The best theory offered so far to explain the process of anthra- 
citization and devolatilization of coals is the thrust-pressure 
hypothesis, and by its aid the origin of anthracite in all coal 
fields studied can be explained logically. The essential points 
of the theory as outlined by White®:®’ are given below. 

The dynamo-chemical process follows the biochemical or peat- 
disintegration process, overlapping slightly on the latter, the 
gradual burial of the peat stopping the bacterial action, and 
initiating the consolidation and dehydration of the peat. This 
condensation of the peat, the driving off of gases and water, 
started by the mere pressure of the load on it, is in time increased 
by horizontal thrust pressure; the coal is made more dense, it 
decreases in volume, and is cemented together, gradually being 
dehydrated, devolatilized, and compacted. The horizontal 
thrust pressure has converted lignites (brown coals) successively 
into subbituminous, bituminous, semi-bituminous, semi-anthra- 
cite, anthracite, and even into graphitic coal. The extent to 
which this progression has occurred will depend on the intensity 
and the duration of the pressure applied. For example, two 
coals of the same rank may be formed, one by an intense pressure 
applied for a relatively short period, the other by the prolonged 
application of a relatively small pressure. 

The temperature during devolatilization is also of importance, 
but the indications are that during the greater part of the 
coal formation it was relatively low, probably not over 212°F. 
(100°C.), although many earlier theories hold that the temper- 
atures reached were somewhat higher. 

In conclusion, it may be said that devolatilization by thrust 
pressure brought about by movements of the earth’s crust has 
been the principal agency by which most of the high-grade coal 
of the earth has been produced from disintegrated peat. In 
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many cases the per cent volatile matter increases progressively 
along a given coal seam away from a point of high thrust pressure, 
the per cent volatile matter being an index of the distance 
traversed from the point of pressure application. 

Time Required for the Formation of Coal.—The amount of coal 
that can be derived from a given amount of peat is, of course, 
dependent on the variety of the coal. The chief factors in the 
transformation are the amount of pressure brought to bear by 
the earth layers over the coal seams, the loss of moisture, and the 
losses (largely unknown) of carbon, hydrogen, oxygen, and nitro- 
gen during the process. In peat, the water content is often from 
80 to 90 per cent and by the time this peat has changed to 
anthracite coal the moisture has dropped to about 3 per cent. 
The oxygen content of the original wood substance is over 40 per 
cent, and in the peat is about 30 per cent, while after anthra- 
citization the coal contains less than 3 per cent of oxygen. Parr® 
gives the following to represent the changes of cellulose* into 
lignite and bituminous coal: 

5CsH100s = CooH2204 + 3CH, + 8H2O + 6CO2 + CO (1) 


cellulose lignite methane water carbon carbon 
dioxide monoxide 


6C6H100s = Co2H2»O + 5CH, + 10H2O + 8CO, + CO (2) 
Bipreinous 
coa 


The above equations merely indicate what is believed to be the 
magnitude of the losses of coal-forming substance that takes 
place in the coalification process. 

Ashley? concluded that a 3-ft. layer of well-compacted old 
peat would form a 1-ft. layer of coal like that of the Pittsburgh 
seam in Pennsylvania, or 20 ft. of plant matter will form 1 ft. 
of coal. Accordingly, if 1 ft. of peat is formed per century, and 
3 ft. of peat are required to form a foot of coal, 300 years would 
be necessary to form the peat for each foot thickness of our coal 
seams. Thus, the formation of the peat corresponding to the 
seams of Pennsylvania anthracite, some of which are 35 ft. thick, 
would have required 10,500 years. 

The Causes of Variations in Coals.—In general, the variations 
in coal may possibly be due to one or more of the following causes: 

1. Differences in types of vegetal matter. 

2. Differences in the extent of biochemical decay. 

* Certain authorities now believe that cellulose is not the parent sub- 
stance of coal (see p. 34). 
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3. Differences in the extent of devolatilization due to thrust 
pressure. 

1. Variations Due to Differences in Types of V egetal Matter.—All 
coals, except certain special types, such as cannel coals, contain 
light and dark bands, bits of bark, and other plant debris, all 
of which seem to point toward the same kind of plant material. 
Analyses of the various types of trees, both of the present time 
and the tree remains of different species found in coal (maximum 
variation in carbon in any case less than 3 per cent), show that 
it would be impossible to explain the wide difference in coals 
on this basis. Furthermore, as pointed out by White,® some of 
the beds of the anthracite fields in Pennsylvania are practically 
continuous from the Lehigh River on the east to the coal field 
in Dauphin County to the west. The plant remains are alike 
throughout, but in the east the coals are anthracites with very 
high fixed-carbon contents, the amount of fixed carbon decreasing 
toward the west until in Dauphin County the coals are only semi- 
anthracites. It should be recognized, however, that certain 
portions of the plant, such as spores or resin, containing high 
carbon percentages, if allowed to collect separately in large quan- 
tities, may form such varieties as cannel coal (see p. 22). The 
amount of such formation is small, however, and there is no 
evidence that differences in our major coal seams were brought 
about by differences in the type of vegetal matter. There are a 
few cases, on the other hand, where resinous trees, or the resinous 
portions of the vegetal matter, have caused increases in volatile 
matter, even in the same seam. 

The fact that semi-bituminous, bituminous, and subbituminous 
coals occur in the same coal field seems to minimize the importance 
of climatic differences as an explanation of the variations existing 
in our coal beds. For example, in the Appalachian coal field, 
the fixed carbon content drops 20 per cent in passing from 
the Georges Creek basin near Cumberland, Md., a distance of a 
little over 70 miles, westward to Clarksburg, W. Va. It is 
obvious that the difference in climate between these two points 
must have been negligible. 

2. Differences Due to Extent of Biochemical Decay.—lIf condi- 
tions of exposure are severe, if the wood is not under water and is 
exposed to the air, dry rotting is rapid and the woody material 
is decomposed first, leaving the more resistant bark. The pres- 
ence of layers of mother of coal (fusain), for example, must 
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be attributed to these periods of excessive exposure. Thus, 
differences in exposure and consequent differences in biochemical 
action may give rise to the banded constituents of coal, but since 
these bands are found in practically all coals it is impossible to 
explain wide differences in variety by postulating differing times 
and types of exposure before burial. In general, the differences 
due to variation in extent of biochemical decay are mainly 
differences in the appearance of the coal. 


Fic. 5.—Regional progressive carbonization in the Northern Appalachian 
trough. Heavy black lines (isocarbs) ‘‘contour”’ the fixed carbon in ash- and 
moisture-free coal; thin dotted lines outline coal fields; rows of small crosses mark 
thrust fields. 


3. Differences Due to Variation in Thrust Pressure-—The map 
in Fig. 5 (from White’) shows the variation in fixed carbon* 
in the Appalachian trough of the eastern part of the United 
States. In the northern section of the trough are found a 
number of identical coal beds extending continuously about 300 
miles from the eastern to the western side. In Ohio, on the 


* The percentages of fixed carbon represent the value calculated to a 
moisture-, ash-, and sulfur-free basis—that is, the per cent of fixed carbon 


in the “pure coal.”’ 
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western side, the thrust pressures developed were relatively 
small and, as shown by the map, the resulting coals contain only 
55 to 60 per cent fixed carbon. Moving eastward, coals with 
60 per cent fixed carbon are found near Pittsburgh; still further 
east, near Connellsville, more intense thrust pressure produced 
coking coals with about 65 per cent fixed carbon; at Windber, only 
70 miles east of Connellsville, the fixed carbon has increased to 
83 per cent. In the extreme eastern section, where the most 
severe thrust pressures were developed when the Appalachian 
Mountains rose, the coals were devolatilized to such an extent 
that anthracites (with 97 per cent fixed carbon) have resulted. 

It should be remembered, however, that the progression from 
east to west is frequently interrupted by local disturbances 
where the pressure was not applied entirely to the coal but was 
in part absorbed otherwise. That is, a coal may be of higher 
volatile matter than the coals around it, since part of the pres- 
sure might have been extended in folding the overlying earth 
layer without being exerted on the coal. 

The impression is quite widespread that differences in the 
geologic period and age of coals are sufficient to explain differ- 
ences in variety and quality. This would be true to a certain 
extent if all other factors were equal, since in the older coals the 
transforming processes would have had longer to act. However, 
the evidence previously presented with respect to the marked 
differences found even in the same coal bed is sufficient to show 
that difference in age does not necessarily mean difference in 
variety, but that the greatest differences are brought about by 
devolatilization due to thrust pressure. 

The Origin of Cannel and Boghead Coals.—The cannel and 
boghead coals (see Chap. III) are characterized by their high 
percentage of volatile constituents, the absence of woody mate- 
rial, and their regular structure as contrasted to the various 
bands occurring in most coal. These coals (particularly the bog- 
head and various types of oil shales) more closely resemble petro- 
leum (see Chap. VI) than ordinary coals, on account of the high 
volatile content. They were originally supposed to have been 
formed from the remains of gelatinous plant or animal life. More 
modern researches have definitely established the fact that, 
except in rare instances, the cannels and bogheads consist of the 
spores, spore exines, and seed cases of the coal-forming plants, 
these small bodies collecting in the open water of the coal swamps 
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and giving rise to the layers of this material that occur with 
some bituminous coal seams. 


THE COMPOSITION OF COAL 


From the preceding discussion of the origin and methods of 
formation of coal, it becomes evident that, in spite of the differ- 
ences that are bound to occur in coal seams, there are certain 
fundamental bases of comparison. All coal contains various 
combustible materials, left from the alteration of the vegetal 
matter, moisture, and varying amounts of mineral matter which 
on burning appear as ash. The usual means of determining 
the composition of a coal are: (1) by an ultimate analysis and 
(2) by a proximate analysis. 

Ultimate Analysis.*—The ultimate analysis of coal consists in 
determining the percentages of the “ultimate” constituents; 
namely, carbon, hydrogen, oxygen, sulfur, nitrogen, and ash in 
the dry coal. The amounts of carbon, hydrogen, and nitrogen are 
determined by the ordinary methods of organic quantitative 
analysis. . The sulfur may be determined by the Eschka method 
or by analysis of washings from the bomb calorimeter used in 
determining the heating value of the coal. The amount of oxygen 
is always determined by difference, the sum of the percentages of 
earbon, hydrogen nitrogen and sulfur, plus the percentage of 
ash, being subtracted from 100 to give this constituent. This 
method has the disadvantage of making the reported percentage 
of oxygen subject to the cumulative error of all the direct deter- 
minations. For example, if the sulfur is originally present in 
the form of iron pyrites (FeS.) this tends to make the oxygen too 
low due to formation of ferric oxide (Fe2O;) on burning, which 
would make the ash greater than the original mineral content 
of the coal. To obviate this particular difficulty it has been 
recommended by the Coal Analysis Committee of the American 
Chemical Society’? assuming the pyrites to be converted to 
ferric oxide in the ash, that the oxygen be determined by 
subtracting from 100 the sum of carbon, hydrogen, nitrogen, ash, 
and five-eighths the sulfur. 


* Owing to the large number of texts which give detailed descriptions of 
methods of analysis, both ultimate and proximate, only a brief outline of 
the two methods is given here. For a complete description of standard 
methods, the reader is referred to references 1, 10, and 11 in Bibliography 
at the end of the chapter. 
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Proximate Analysis.—The proximate analysis of coal, which 
includes the determination of moisture, volatile matter, fixed 
carbon, ash, and sulfur, is much easier and quicker than the 
ultimate analysis, and is the one more commonly made, since it 
furnishes most of the data necessary to determine the commer- 
cially important properties of the coal. The amount of moisture 
is determined by the loss in weight of a small sample on heating 
for 1 to 1% hr. at 220°F. (104°C.) to 230°F. (110°C.). The 
volatile matter is determined by heating a 1-gm. sample of the 
coal as purchased in a closed crucible at 1740°F. (950°C.) for 7 
min. The percentage of volatile matter is the percentage loss as 
thus determined minus the per cent moisture. Ash is deter- 
mined on the dried sample from the moisture determination by 
completely burning off all combustible matter until the ignited 
material reaches a constant weight. The percentage of fixed 
carbon is equal to 100 minus the sum of moisture, volatile matter, 
and ash. Sulfur is usually included in a proximate analysis, 
being carried out by the methods mentioned above under Ulti- 
mate Analysis. 

The range in which the constituents of coals usually fall is 
given in Table ITI. 


TABLE III 
VARIATION IN PROXIMATE AND ULTIMATE ANALYSES OF COALS 
ULTIMATE PROXIMATE 
ANALYSIS, ANALYSIS, 
Per Cent PeR CENT 
Carbonate 50 —-95 AYX60 (CATON aay eee 16-93 
Hydrogen een ua: ae » 2 =O <0 pe OlBbile: IOS Gber seeks oe eee 3-50 
Oxy geniterecce ci eee ae 2 -—40 Morsture a. ee... aoe 3-30 
Dultuewe rere eek es aes Qe ber A FABLES. J: SaaS ees eee 2-30 
Nitrogen....... 0.5- 3.0 
LA Oa cae ee ice Hes Fe 2.0-30.0 


Moisture.—Considerable confusion has resulted from the lack 
of uniformity in methods of reporting analyses. The various 
methods of reporting, such as “‘as received,” “‘air dried,” “‘ash- 
and moisture-free,’’ etc., refer to the condition of the coal when 
analyzed and have in many cases caused needless recalculation 
and confusion. Moisture should be reported on the coal as 
received. It is always desirable to calculate the total water from 
the actual moisture present, plus the combined water which forms 
part of the coal substance itself. This combined water is repre- 
sented by the oxygen content of the coal plus the equivalent 
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amount of hydrogen necessary to unite with it to form water. 
The remaining hydrogen in the coal is termed “‘free” or “‘available 
hydrogen,” and on burning can produce heat by union with the 
oxygen of the air. 

Ash.—The ash in coal is composed of two classes: (1) free ash 
and (2) fixed ash. The ash-forming constituents of coal are: 
(a) impurities present as an intimate mixture in the coal sub- 
stance, derived from the ash in the original vegetal matter or 
from sedimentation, etc., during coal formation; (b) bits of clay, 
shale, “‘slate,”’ pyrites, ete., that occur in the form of veins and 
partings; and (c) fragments from the roof and floor, etc., that are 
mixed with the coal in the process of mining. The “free ash”’ 
is mostly that formed by processes (b) and (c), and, consisting of 
dirt, slate, pyrites, etc., can be washed out of the coal by suitable 
coal-washing machinery. The amount of such ash in the coal 
varies considerably in different parts of the mine. The “fixed 
ash,’’ formed mostly by process (a), is disseminated throughout 
the coal fairly uniformly, and usually amounts to from 2 to 3 
per cent. This ash, since it cannot be readily washed out of the 
coal, therefore represents the minimum possible ash content of 
coal. 

It is well known that in most coals the finer material contains 
larger percentages of ash than the lump material. Jor example, 
in certain anthracite coals, the egg size contains about 4 per cent 
ash, the nut size 9 per cent, and the pea size 15 per cent. Recent 
work by Parr! has indicated that, while a certain proportion of 
this increase in ash may be the result of mining methods, it is 
possible that one of the banded constituents of coals known as 
mother of coal (see Chap. III), being very friable and of high 
ash content, raises the ash content of the smaller sizes. Parr 
gives the following as the ash contents of the banded constituents 
of an Illinois coal: 


ASH, 

Par Cent 
iByardnu) |OUNGl, nguadecotnuoOd dene noob Our oo ond ny Gotibe 3.22 
FAS) a ats Earn clic eas cee oee ss tavsn vere ace A OMcneusyaneta jatotaclene aueter sre 
MOLT eTOrC ORL aM thoes © Aowre eds ne Neva einer, aitneneen ese 22.45 


Coal ash is a mixture of oxides, silicates, and sulfates, the 
relative percentages of which vary widely in different coals, the 
chief components being silica (SiOz), alumina (Al.O3), iron 
oxides (FeO or Fe20;), calcium oxide (CaO), with smaller quan- 
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tities of magnesia (MgO), titanium oxide (TiO2), and alkali 
compounds. The SiOz, Al,O;, and TiO. come from sand, clay, 
slate, etc., the FeO and Fe,0; mainly from pyrites (FeS2) dis- 
seminated throughout the coal vein, and the CaO and MgO as 
sulfates and carbonates. The typical limits of some ash 
analyses are given in Table IV. 


TABLE IV 


TypicaL Limirs or ASH ANALYSES 


PER CENT OF 


ConsTITUENT Tora AsH 
OLR ARN a ee, SONS otro mio ae SO ee AS OM SOT 40-60 
PA OF Pct ieee ari ya ninee foctanue yar me och s GS OM aS = oe 20-35 
Fe,0; wissen <a etscheni dks) aiusiesice. Sylsineg less le: Sh tata sl ceioeihs/ af oi lel wiceitew aaa pelle! taitare) + Retin tala iane 5-25 
HW Fg O ee) Calais ores Reka tad os Crees hey Bs eae kn red A 0.5— 4 
INagO. SEF sO iii eo Ate eat erate oe Tee Ca cn rE 1.0- 4 
SOs eae ee Wis ceo ee eerie ee ee ee 0.2-15 


The fusibility of the ash is of distinct bearing on the question 
of clinkering troubles, but no method of general application has 
yet been developed for calculating the fusibility of an ash from 
its composition. Like clay, however, the softening point is, in 
general, lowered by increasing amounts of magnesia, lime, and 
iron compounds (particularly sulfides). 

From the direct determination of the ash-fusion temperature 
of a large number of samples, coals have been divided into three 
classes. ! 

Class 1—Coals having ash which fuses at temperatures from 
2600 to 3100°F., and, in general, includes the anthracite coals 
and the lower and older bituminous beds. Ash from such coal 
is refractory, giving no trouble from clinkering. 

Class 2.—Coals having ash which fuses at temperatures from 
2200 to 2600°F., and, in general, includes the bulk of Penn- 
sylvania bituminous beds. The ash from these coals is of 
medium fusibility. 

Class 3.—Coals having ash which fuses at temperatures from 
1900 to 2200°F. This ash is easily fusible and causes excessive 
clinkering trouble unless used properly. 

The fusion temperatures of the ash from a large number of 
American coals are given in Tables V, VI, and VII. 
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TABLE V 


Fusrsiuiry or Coat As rroM PENNSYLVANIA CoaLs* 


Number} Total Se ipeees 
: of number eee dry coal 
Series, bed : temperature Spoea! 
mines of "| average 
sampled | samples dearase per cent 
Fahrenheit 
Bituminous region 
Monongahela series: 
Pittespureh bed. .6 2c. sc.c. se os 10 34 2360 fen Ve 
Conemaugh series: 
Little Pittsburgh bed.......... 1 2 2390 8.13 
Allegheny series: 
Upper Freeport (E or Lemon) 

Dat seiters evecasrohrs tess as te nic 33 85 2350 9.35 
Lower Freeport (D or Mosh- 

MBNOF) DOG. 2c. 5 so, urs wieseue oe 21 70 +2390 8.52 
Upper Kittanning (C Prime) 

Bd sera iene wwe Sore ee sf 18 + 2350 8.67 
Middle Kittanning (C) bed.... 5 ‘i +2380 11.06 
Lower Kittanning (Miller or B) 

SECs rata Peseta tere «NSS ee ote ie 39 162 + 2550 7.86 
TG OE DE a iors oeaices eas © icieuesst 4 12 +2940 7.36 
Brookville (A) bed............ 3 3 +2800 12.98 

Pottsville series: 
Blogs DedA ce > > ya)o ce rieegiee 5 a 3 3 2630 11.96 
Anthracite region 
Northern field: 

Pittston istrict. /<.5s.s.¢.<16 + >= 1 1 +3010 6.03 
Plymouth district... 0.6... 2 if +3010 12552: 
Scranton district.............. 6 “6 +3010 12.39 
Wilkes-Barre district.......... 3 4 +3010 1al7, 

Eastern Middle field: 
Hazelton district.......-.-....- 1 1 2960 14.50 
Western Middle field: 
Shamokin district............. 2 2 +2960 16.59 
West Mahony district......... 3 3 +3010 
Southern field: 
East Schuylkill district........ 2 2990 TH DS lks) 
West Schuylkill district........ 1 1 2730 18.07 


27 


| Ash in Sulfur in 


dry coal, 
average 
per cent 


oooo 


0. 
0. 


-43 


-70 


13 


- 06 


-16 
-98 


03 
-18 
86 
25 
-58 
84 
sth) 
78 
61 


-90 


78 
82 


i ooo 
Note.—A plus sign (++) placed before a given value denotes that the true value is above 


that indicated. 
* From Servic and Freupner, Chem. Met. Eng., 20, 629 (1919). 
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TABLE VI 
Fusipiniry or Coat Aso rrom West VirGIniA Coats* 
Average x : 
Number] Total ; Ash in Sulfur in 
softening 
4 of number dry coal, | dry coal, 
Series, bed ee ie temperature, averunt aierags 
1 Gearon er cent er cent 
sampled | samples ey ee p Pp 
Monongahela series: 
Sewickley (Mapleton) bed..... 1 5 2080 9.61 3.99 
Redstonelbedi. sas sitracnoie + 2 9 2120 6.08 1.95 
Pittsburgh Ibediie. smsmce = ale. 15 63 2170 7.49 45 
Conemaugh series: 
IViahoninigs bedumsciisecieleiare ster 4 4 2160 b.b2 1.89 
Allegheny series: 
Upper Freeport bed........... 1 1 2190 Gray 1.97 
Lower Freeport bed........... 2 2 2090 9.84 3.14 
Middle Kittanning bed........ 1 1 2110 10.93 4.06 
Lower Kittanning bed......... ai 22 +2490 8.48 3.28 
Pottsville series: 
Kanawha group: 
Coalburg (Buffalo Creek) bed 2 6 +2990 8.94 0.80 
Winifrede bed.............- 3 4 2950 7.83 0.7. 


Cedar Grove bed (Thacker 

OGG) eestatansetesPart ave tare topes tousliare 10 24 +2540 5.96 et 
No. 2 Gas (Campbell Creek, 

Island Creek, Upper War 


Miagle) bed. scr ase oe 6 27 +2680 5.60 0.97 
Eagle (No. 1 Gas, Middle 
War Eagle) bed: ......... 1 3 +2940 4.40 0.77 
New River group: 
Sewell (Davy) bed.......... 33 95 +2580 4.36 0.66 
Welch (Tug River) bed...... 1 5 2840 7.41 0.62 
Beckley (War Creek) bed.... 22 101 +2800 4.82 0.68 
Fire Creek (Quinnimont) bed 3 17 2440 6.26 0.81 
Pocahontas group: 
Pocahontas No. 6 bed....... 1 6 2380 2.88 0.7 
Pocahontas No. 5 bed....... 2 3 +2610 5.45 0.60 
Pocahontas No. 4 bed (Thin 
Vein Pocahontas)......... i, 23 +2570 6.27 0.63 
Pocahontas No. 3 bed (Thick 
Vein Pocahontas)......... 66 246 2460 4.81 0.60 


* From Servic, RatTuirr and FrevpNer, Chem. Met. Eng., 20, 275 (1919). 
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TABLE VII 
FustBiuity or Coat ASH FROM THE INTERIOR PROVINCE CoALs* 
Number] Total Average Ash in Sulfur in 
. of numbe softening d 1 ied ] 
Region, state, bed c T | temperature, | CTY ©O8', | Cry coal, 
mines of degrees ‘| average average 


sampled | samples Fahrenheit | Per cent | per cent 
ee ee ee ee ee ee ee eee 


Eastern region: 


Illinois: 
No. 1 bed 1 6 2110 11.74 4.86 
No. 2 bed 6 15 2010 9.97 3.58 
No. 5 bed 9 27 1990 10.84 3.28 
No. 6 bed 36 160 2160 10.27 2.30 
No. 7 bed 2 13 2050 10.62 2.69 
Indiana: 
No. 3 bed 3 11 2090 10.61 4.34 
ioe ere cyto Give «cre eva.ce 7 30 2390 8.17 1.62 
Nioco OEU hamdceas tn cree tees 9 29 2130 10.23 3.54 
No. 6 bed. AEE A eA e al 5 2040 9.91 2.65 
Minshall bed............... 1 i 2120 9.60 2.99 
Western Rontyokye 
No. 6 bed. J 4 2130 8.81 2.97 
No. 9 bed 20 78 2030 10.53 3.67 
No. 10 bed 2 1990 11.99 4.18 
Tilifopyal OFS of 2%c PRR EO Se 2 Ae Beer 7 39 2030 9.57 4.08 
INO} LZ DEG Baden be toe «os ote oe 3 17 2150 10.20 2.30 
Western region: 
Kansas: 
ROVTCEN DEO. «4 acta we a hag < crae 2 6 1980 14.83 4.71 
Cherokee bed. 2.5 5.5..-¢e5s% 3 8 2110 9.42 3.18 
Leavenworth bed........... uf 3 2020 18.26 5.46 
Weir-Pittsburgh bed........ 3 7 2010 11.68 5.31 
Missouri: 
Bevier bed. . ; 16 42 1960 13.47 4.90 
Bowen bed. ts, aS 1 3 1940 13.18 4.61 
Cainsville bed.............. 1 3 1980 12-71 5.78 
(Cherokee (bed. o5/05 sacs aes 1 3 2150 Teta LOT 
Jordan bed. Br Cars a ee 4 12 2010 12.74 4.42 
Lexington bed... area et 14 39 2000 13.48 4.04 
Lower Rich Hill bed. ee 3 8 1940 15.39 5.43 
Lower Weir-Pittsburgh bed... 2 6 1940 10.78 4.45 
Mulberry bed............. 2 5 1990 14.58 3.18 
Miley pedis ratte oeestee is tele 4 9 1940 11.28 5.25 
TRAGH ORIOL GH ccc reas eaten 3 1 3 1970 1c 7; 6.12 
WEDOIDEREG ihe dco.aiduern oh tate are 8 23 2040 11.64 4,66 
WEBEL DOL. cls acu oie Oe cee 1 2 2020 17.43 8.29 
Oklahoma: 
Damweon: Ded. aetaoe tes ee ase 3 3 1920 8.95 3.91 
Henryetta bed........ 2 2 1980 8.03 1.59 
Lehigh Coal bed. : 3) 15 2150 11.46 4.17 
Lower Hartshorne bed..... 9 27 2020 6.03 1.43 
McAlester bed...... ; : 6 28 2180 6.94 1.67 
McCurtain bed aha 1 6 2110 6.92 0.84 
Panama Dede So. ule cee 1 2 4 2160 6.81 1.46 
Stigler bed. pee 5 5 2050 Dyls 1.91 
Upper Hartshorne bed...... 3 7 2170 6.15 1.51 
Arkansas: fe 
Wenninge Ded cnctecle as. euae.s 1 3 2200 7.38 2.45 
Hartshorne bed...........-- 5 9 2120 11.59 1.40 
Paris Ded va anther eens ie 1 3 2140 10.12 3.28 
Shinn Basin bediy)........++. 1 1 2180 10.36 2.23 
Fauonesas region: 
exas:! 
Sbiitivoy Atlee) Sogn one oer 2 2 2580 19.21 1.98 


* From Servic, Raturr and Fripner, Chem. Met. Eng., 20, 275 (1919). 


The practice of coal washing has for its object the removal 
of as much free ash as possible. A number of processes are in 
use and depend for the most part on differences in specific gravity 
(and in some cases to other properties, such as the differences 
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in coefficient of friction) of the coal and mineral matter. A 
diagrammatic representation of one method of operating is as 
follows: 


Coal 
Bradford Breaker 
Separating Screens — Pyrites Heads (to dump) 
Crushed Coal 


Hydraulic Jigs, Tables, or Washers 


J | J 
Water Coal Tails (Ash) 
for market 


Such a process successfully removes a considerable quantity 
of ash at a comparatively low cost. Bone™ cites the example of 
an installation handling 100 tons of coal per hr., which reduces 
the ash from 22.5 to about 7.0 per cent, with a loss of less than 
2 per cent of the coal substance and a water consumption of 15 
gal. per ton of coal washed. The labor cost per ton is small. 

Sulfur—The presence of sulfur in coal is always harmful, 
since it affects the quality of coke for metallurgical uses, increases 
the corrosion of boilers, and usually affects the fusibility of the 
ash. The sulfur content of coals, which may vary from 0.5 
to 7 per cent, is mainly derived from extraneous material crop- 
ping into the coal seam. It occurs in three forms: (1) pyritic 
sulfur, (2) organic sulfur, and (3) sulfate sulfur. 

1. Pyritic sulfur, present in coal mainly as iron pyrites or 
“fools gold’? (FeS2), is usually distributed in the form of bands 
running parallel with the bedding or in small veins across the 
seam, and sometimes in quite large lumps (pyrites heads). 
Thiessen has shown that, in addition to the large particles of 
pyrites visible to the naked eye, there is almost always a certain 
amount present in the coal which only shows up under the micro- 
scope. The pyrites is mainly formed by the intrusion of rock, 
but Thiessen points out that in almost all plants there is sulfur 
in the proteins present and this on putrefaction yields H.S, which 
could precipitate the heavy metal sulfides. The amount of 


pyritic sulfur varies widely and may be lowered by proper 
washing. 
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2. Organic sulfur is a component of the organic compounds 
present in coal. It is probably derived from the protein sulfur 
mentioned above and may be the source of the pyritic sulfur. 

3. Sulfate sulfur is commonly present in coal as gypsum 
(CaSO,4.2H2O), though iron, copper, and magnesium sulfates 
are sometimes found. These sulfates were mainly formed 
by the oxidation of the sulfides present. Pyrites, on weather- 
ing, undergoes oxidation according to the reaction: 

2FeS2 + 702 + 2H20 = 2FeSO, aq. + 2H2S0, aq. 
The amount of sulfur present as sulfate is, therefore, to a 
certain extent, an indication of the amount of weathering to 
which the coal has been subjected. In some cases of weathered 
coal containing originally a high percentage of pyritic sulfur, 
the iron sulfate formed by the above reaction deposits as a 
white powder over much of the surface of the coal lumps. 

Nitrogen.—The nitrogen content of coals is of great economic 
importance, because of the value of the nitrogen obtained as 
ammonia in the manufacture of by-product coke. The nitro- 
gen, present as a constituent of the organic compounds which go 
to make up the coal substance, is mainly derived from the original 
vegetal matter (the N» content of trees varying from 1 to 3 per 
cent), although a small proportion may originally have come from 
animal matter or from the air. 

The Rational Analysis of Coals.—In addition to the ultimate 
and proximate analyses of coals, which give the percentages of 
the various elements present and in a general way indicate the 
commercial value of the fuel, it is of great importance to know 
how the elements are combined and how the specific compounds 
affect the properties of the coal substance itself. This, “the 
rational analysis’’ of coals, has been the subject of a great deal 
of work, and, while it is still impossible to predict the influence of 
any constituent on the behavior of a coal, distinct progress is 
being made. 

From our knowledge as to the formation of coal, it is seen that 
coal may contain degradation products of three types: 

1. Cellulosic material. This is derived from the woody part 
of the plant or tree. 

2. Resinic material, such as gums, waxes, resins, etc. Thesemay 
have been derived from the sap of the original vegetal matter. 

3. Nitrogenous material, compounds of carbon, hydrogen, 
oxygen, nitrogen, and sulfur. 
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From the discussion of the method of coal formation, it becomes 
evident that the above three classes of compounds must all have 
undergone varying degrees of change or degradation dependent 
on the conditions of vegetal accumulation and decay, and the 
subsequent pressure and temperature to which they were sub- 
jected. There are four main methods for determining in what 
form the degradation products of these materials are present in 
coal: 

Action of chemicals. 
Selective solution. 
Effect of heat. 

4, Microscopical analysis. 


Soa Be 


1. Action of Chemicals. *—Chemical attack by means of reagents 
which alter the coal substance has been used by a number of 
investigators. The reagents are usually oxidizing agents, such 
as nitric acid, sulfuric acid, bromine, ozone, caustic alkalies, 
alkaline potassium permanganate, or chromic acid. The object 
in using reagents is to transform the coal into another degrada- 
tion product, the relationship of which to the original coal sub- 
stance can be determined. For example, when peat, brown 
coal, or lignite is digested in a solution of caustic alkali, part of 
the material apparently dissolves, yielding a deep-brown liquor. 
The dissolved material separates out on acidification of the 
liquor, and is known as “ulmie acid” or “humic acid.’”’ The 
amount of this material in a coal gives a rough indication of its 
geological rank, peats yielding 50 per cent or more, while the 
bituminous and anthracite coals are practically unaffected. 

In general, while some interesting data have been obtained, ft the 

* For a complete and exhaustive account and discussion of the major 
investigations which have been undertaken following the different methods 
of “rational analysis of coals,’”’ see Stopes and WHEELER,!® Bonn,!! and 
Inuincwortu.!”7 An excellent and more recent review has been prepared 
by Frevpnmr and Davis.18 

j Although not undertaken to develop an analytical method, the 
researches of Bergius in Germany,?! should be mentioned here. In the 
Bergius process coal dust suspended in oil, or tar, pitch or asphalt are hydro- 
genated and reduced to relatively light, low boiling products by heating with 
hydrogen at pressures of 100-200 atmospheres and at about 750°F. (400°C.). 
A carrier or accelerator such as FesOs (5 per cent) is added to the suspended 
coal before hydrogenation. This process may convert as high as 50 per 
cent of the coal to oil and 70 per cent to oil and gas. The oils are essentially 


non-phenolic. The Bergius method may become of distinct commercial 
importance, particularly in countries having coal but little oil. 
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results of this method of investigation have been scanty, due to 
the complex nature of coal and the difficulty in tracing back to 
the original coal substance the relationship of the compounds 
formed. 

2. Selective Solution—When it can be used, the action of 
solvents is preferable to other known methods, since it brings 
about the minimum chemical alteration of the coal substance. 
The usual agents employed, benzene, chloroform, petroleum 
ether, acetone, pyridine, aniline, or phenol, are open to the objec- 
tion, however, that the proportion of the coal substance dissolved 
is usually very small, and it is difficult to find solvents which will 
selectively dissolve one type of compounds without having a 
depolymerizing or breaking-down effect on other portions. 

Some consider that a practically complete separation of the 
cellulosic and resinic materials in the coal substance has been 
brought about by combined pyridene and chloroform extraction. 
The results of solvent action, and their interpretation, as quite 
generally accepted by the English workers in this field, have been 
outlined by Stopes and Wheeler!® somewhat as follows: Two 
main fractions of the coal substance, one apparently derived 
from the cellulosic constituents of the vegetal matter and the 
other of the resinic portions, may be separated by means of 
solvents. These groups are called (@ + 8) compounds (which 
later can be further separated into a and 6 compounds which 
differ but little) and y compounds, respectively. These three 
types of compounds are specifically differentiated by the succes- 
sive action of pyridene and chloroform as follows: 

1. The alpha (@) compounds are insoluble in pyridene; on 
destructive distillation they yield gas and very small quantities 
of tar, but do not fuse; they are obtained as a brown powder. 

2. The beta (8) compounds are soluble in pyridene but are 
left as the insoluble residue from a subsequent chloroform 
extraction of the portion soluble in pyridene; they are distinguish- 
able from the alpha (a) compounds only by their solubility 
in pyridene. 

3. The gamma (y) compounds consist of the chloroform-soluble 
portion of the pyridene extraction; these compounds are obtained 
in the form of a resin or Jac, and melt at about 212°F. (100°C.); 
on destructive distillation they yield gas and tars (composed of 
olefines, paraffins, and naphthenes), and the residue is well 


fused and coked. 
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Wheeler believes that the alpha and beta compounds represent 
the degradation products of cellulose, while the gamma com- 
pounds are derived chiefly from the resinous material present 
in the coal-forming vegetal matter. Thiessen,* and Fischer and 
Schrader,2? however, have adduced strong evidence tending to 
show that most of the cellulose disappears during peat formation, 
being decomposed into methane, carbon dioxide, and water, and 
that the major portion of the coal substance is derived from the 
degradation products of lignin. 

Another important method of solvent extraction has been 
employed by Fischer®! and his co-workers in Germany. The 
method, which consists in treatment of the coal with benzol 
at high pressures and temperatures, yields an extract containing 
the compounds responsible for the coking characteristics of the 
coal (7.e., similar to the y compounds). The following abstract?! 
gives the major conclusions from Fischer’s work. The extraction 
of coal with benzol at 482°F. (250°C.) under pressure yields an 
extract which can be separated into two main components by 
means of petroleum ether (gasoline). The first component, 
an oil, is soluble in gasoline; the second component, a solid brown 
substance, is insoluble. 

Recently it has been discovered that the oily body is the 
principal source of the coking quality of the coal and apparently 
consists only of hydrocarbons. In contrast to this, the solid 
body which is decomposed by heat with gas evolution has been 
shown to be the principal source of the swelling of coal. It 
consists of compounds containing hydrogen and resins. The 
oily body has been named oily bitumen; the solid body, solid 
bitumen; the sum of the two, total bitumen. 

The older the coal is the more oily bitumen it contains com- 
pared to the quantity of solid bitumen. The absolute quantity 
of total bitumen, however, decreases considerably with the older 
coals. The decomposition point of the solid bitumen rises with 
the age of the coal; it is of more significance for the inception 
of swelling than the quantity of solid bitumen. If the decom- 
position point lies at the temperature at which the coal is plastic, 
then the swelling is greatest. With regard to the oily bitumen, 
on the other hand, its quantity is of special significance. 

With repeated successive extraction of strongly swelling coal, 
first, the swelling property disappears, but the coal still remains 
coking. Finally, the ability to coke is also lost. 


THE ORIGIN AND COMPOSITION OF COAL 35 


If the total extract is added to the extracted coal substance, 
the original coal is reconstructed, with relation to its behavior 
on coking. If the oily bitumen only is added, then non-swelling 
coking coal results. If the solid bitumen only is added, poorly 
coking but strongly swelling coal is yielded. 

The experiments were made with coals from the Ruhr, the 
Saar, and Upper Silesia. It would be interesting to see whether 
these generalizations apply also to American coals, that is, 
whether they are of general significance. 

In general, it may be said that, while a great deal of work on 
solvent action has been done, and more is still being carried on, 
the results are thus far mainly of academic interest, and their 
applications to practice can only come after prolonged further 
research on this subject. 

3. The Effect of Heat.—The effect of dry distillation of coal 
at both high and low temperatures is of great importance, not 
only from the practical viewpoint, in its application to the produc- 
tion of gas and coke, but also on account of the bearing this 
method of attack has had upon knowledge of the composition 
of coal. The general methods and results of the carbonization 
processes are taken up in detail in Chap. XX. For the purposes 
of the present chapter only those factors which influence the 
understanding of the chemical composition of the coal substance 
will be considered. The investigations discussed in the present 
chapter include work not only on coal as such, but also on the 
constituents of the coal substance separated by solvents and other 
means, the distillations being carried out at (1) low temperature 
and (2) high temperature. 

Among the most important investigations concerning the 
thermal decomposition of coal at low temperatures are those of 
Burgess and Wheeler.?2 These investigators distilled bituminous 
coal under vacuum at temperatures of 212, 392, 572, 752, 932°F. 
(100, 200, 300, 400, 500°C.), determining the yields of gaseous 
and condensible products at each temperature. Their results 
may be summarized as follows: (1) Occluded gases, mainly 
paraffin hydrocarbons, are continuously evolved up to 300 to 
400°F. (150 to 200°C.). (2) At390°F. (200°C.) there is a copious 
evolution of water of constitution, which continues up to 840°F. 
(450°C.). (3) Between 520 and 570°F. (270 and 300°C.), H.S 
is freely evolved, due to decomposition of the organic sulfur 
compounds. (4) At 570°F. (300°C.) higher olefines (above 
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C.H,) make their appearance, and at 660°F. (350°C.) the amount 
of these drops off. (5) A critical decomposition point occurs 
at about 660°F. (350°C.), which is marked by a rapid increase 
in gas evolution and the appearance of a viscous oil. (6) The 
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Fie. 6.—Quantities of various gases evolved from New River (W. Va.) coal 
distilled in vacuo. 


gaseous hydrocarbons methane (CH), ethane (CsH¢), propane 
(CsHs), butane (CyHio), and even pentane (C;Hi2), as well as 
the olefines (C,,H»,), are present in the fraction distilled off up 
to 840°F. (450°C). (7) No benzene or homologues of benzene 
could be detected below 840°F. (450°C.). 
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Similar results were obtained by Taylor and Porter? at low 
temperatures, the yields of various gases obtained from New 
River (West Virginia) coal being shown in Fig. 6. 

Burgess and Wheeler also investigated the amount and com- 
position of the gaseous and condensible products obtained during 
the distillation of four English coals at high temperatures, namely, 
from 840 to 1830°F. (450 to 1000°C.). Figure 7 shows the 
amounts of gaseous products obtained from one of the coals at 
various temperatures and is representative of the results obtained 
from all the coals. 


200 
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Fig. 7.—Volumes of gases evolved from coal at different temperatures. 


The main points to be brought out in connection with this 
latter work are as follows: (1) Ethane (C2H¢), propane (C3Hs), 
butane (C,H), and higher members of the paraffin series form a 
large percentage of the gases at temperatures below 840°F, 
(450°C.). (2) With all coals from anthracite to bituminous there 
is a well-defined temperature between 1300 and 1470°F. (700 
and 800°C.) at which hydrogen begins to be evolved rapidly, 
probably due to decomposition of hydrocarbons. (3) This evolu- 
tion drops off at about 1700°F. (925°C.) with bituminous coals 
and at 2000°F. (1100°C.) with anthracite. (4) The evolution 
of the paraffin hydrocarbons ceases entirely at temperatures above 
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1300°F. (700°C.). (5) The formation of carbon monoxide (CO) 
is continuous throughout the period of distillation, the rate 
increasing with increasing temperature (probably due to hydro- 
carbons and carbon giving CO and Hz). 

From these results Burgess and Wheeler drew the following 
conclusions: (1) that coal contains two types of compounds of 
different degrees of ease of decomposition; the least stable of these 
yields mainly paraffin hydrocarbons and not hydrogen; the 
more stable yields mainly hydrogen or possibly hydrogen and oxides 
of carbon; (2) that the chemical differences of various coals 
depend on the proportions of these two compounds present; 
(3) that the presence of CO in the gases is probably due to the 
reaction of carbon and the water given off from the hydroxy 
compounds; (4) that the main “paraffin-yielding’’ compounds 
represent the resinous substances originally present in the coal, 
and that the main “hydrogen-yielding’” compounds are the 
degradation products of the celluloses. 

The principal results of Porter and Taylor®® (from their 
experiments on the distillation of various American coals in 
vacuo) are: (1) More than two-thirds of the organic coal sub- 
stance is decomposed below 930°F. (500°C.). Different coals 
vary in ease of decomposition, the older coals of the Appalachian 
field being less rapidly and easily broken down than the younger 
coals of the middle western and western fields. (2) The first 
decomposition, as the temperature is raised, marks the breaking 
down of certain oxygen-containing substances related to cellulose, 
the products being chiefly H,0, COs, and CO. (8) In general, 
their results at low temperatures agree with those of Burgess 
and Wheeler, the main difference occurring in the high-tempera- 
ture distillation. This difference, which centers around the 
explanation of the “‘critical point” of 1380°F. (750°C.), is attrib- 
uted by Porter and Taylor to a secondary decomposition of 
the primary volatile~ products into hydrogen. The liquid 
hydrocarbons in the tar undergo decomposition more readily 
than the gases, and at 1350°F. (730°C.) yield hydrogen, methane, 
ethylene, hydrocarbons, and carbon. 

More recent investigations by Wheeler and his co-workers 
and by 8. R. Illingworth, on the action of heat on the extracted 
portions of the coal substance, have led to the conclusions pre- 
viously given under the heading, Selective Solution (p. 33). 
Illingworth investigated the relation of the a, 8, and y groups 
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to the coking property of coals, determining the proportion of 
each group in the residues from heating typical coals under vary- 
ing conditions. He concluded that the 8 compounds (soluble in 
pyridene, insoluble in subsequent chloroform extraction) were 
less stable than the y, or resinic compounds (the chloroform 
soluble portion of the pyridene extraction), and postulated, as 
others have done, that the y compounds form the cementing 
material of the coke, since it becomes fluid at temperatures 
below its decomposition point, fills the interstices, and cements 
the individual particles within. 

The conclusions from the action of heat on coals may be 
summarized as follows: 

1. Copious evolution of water and oxides of carbon begins at 
390°F. (200°C.) and continues at least to 840°F. (450°C.). 

2. Hydrogen sulfide begins to be evolved at 520 to 570°F. 
(270 to 300°C.). 

3. Olefines (higher than ethylene) are given off at 570°F. 
(800°C.). 

4. The first critical temperature, at 660°F. (850°C.), is charac- 
terized by (a) marked increase in gas evolution, (b) appearance 
of a viscous oil, and (c) the appearance of ammonia. 

5. Up to 840°F. (450°C.) the gases evolved are mainly paraffins 
(CrHoen+2) and olefines (C,Ho,), with some CO. 

6. Paraffins cease coming off at 1290°F. (700°C.). 

7. Hydrogen begins to come off at 1290°F. (700°C.) and 
continues to 1650 to 2010°F. (900 to 1100°C.), depending on the 
type of coal. 

8. At low temperatures no aromatic hydrocarbons of the 
benzene series are found. 

4. Microscopic Studies.—Mention must also be given the 
microscopic studies that have been made of the banded con- 
stituents of coals (or, more properly, the constituents of banded 
coals). The pioneer work in the United States was done by 
Thiessen,2> who developed a method of cutting sections of coal 
thin enough for complete examination under the microscope. 
The bright part of the coal, which represents coalified trunks, 
branches, and twigs, which were buried in the peat débris, he 
terms anthraxylon, meaning wood coal. Thiessen* has also 
introduced the term ‘‘attritus’”’ to describe the highly macerated 
plant débris consisting of bits of leaves, bark, spores, etc., mixed 
with resinous, carbonaceous, and mineral matter. This mate- 
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rial is dull in appearance and the dull bands in coal consist of 
relatively large amounts of attritus with only small fragments 
of the woody material (anthraxylon). The bright bands in 
coal are composed principally of anthraxylon (in many cases also 
containing small amounts of attritus). One other banded 
constituent is recognized in the United States, namely, the 
mother of coal or mineral charcoal, so called on account of its 
resemblance to manufactured charcoal. The mother of coal is 
dull in appearance, but is generally softer than the other dull 
bands and is sooty and crumbling. It is fibrous in structure as 
contrasted to the granular appearance of the dull bands. Parr 
and Knapheide® consider the mother of coal of distinct impor- 
tance in studies of carbonization problems with coals of the mid- 
continental field, since it acts as a non-coking constituent and a 
vehicle for oxygen (see p. 44 et seq.). 

The English workers in this field of investigation recognize 
four banded constituents which are given by Stopes?® somewhat 
as shown in Table VIII. 

TABLE VIII 

CHARACTERISTICS OF CONSTITUENTS OF BANDED COALS 

(After Stopes) 
1. Fusain—the equivalent of ‘‘mother of coal,” ‘‘mineral charcoal,” ete. 
2. Durain—the equivalent of “dull’’ hard coal of various authors, the 

“Mattkohle”’ of the Germans. 

3. Clarain } Clarain and vitrain are together the equivalent of “bright” 
or ‘‘glance” coal of various authors. Sometimes the 
“bright coal’? seems to be vitrain only. Clarain is said to 
contain more recognizable plant tissues than any other part 
of the coal. Vitrain has a conchoidal fracture, is brilliant 
in appearance, is structureless, and is of uniform texture. 


4. Vitrain 


Thiessen, however, has been unable to confirm the structure- 
less nature of vitrain. He has found that with sufficiently thin 
sections and with proper illumination, typical plant cell struc- 
ture can always be observed in bright coal seams. It would thus 
seem that clarain and vitrain are, in reality, the same material 
and that the difference believed to exist by the English workers 
may be one of degree or a question of technique in preparing thin 
sections and observing them under the microscope.'8 Further 
evidence tending to confirm this view is mentioned by Fieldner 
and Davis.'8 

These views as to the constituents of banded coals are sum- 
marized in Table IX. 
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TABLE IX 


SuMMArRY or ViEws AS TO THE BANDED ConstITUENTS or COALS 
ee ee I a ee 


Views of English investi- | Views of American in- 


General appearance : 
gators vestigators 


eee eee — 


Bright bands..........| 1. Clarain—contains Anthraxylon, or anthra- 
much recognizable | xylon containing very 
plant structure small amounts of attri- 

tus 


2. Vitrain—vitreous 
appearance;  struc- 


tureless 
Dn bandas sceiae Durain Mainly attritus, usually 
containing some small 
particles of anthraxylon 
Dull, thin, charcoal-like Fusain Mother of coal; mineral 
bands. charcoal 


THE EFFECT OF OXYGEN IN COAL 

“Tn all the chemical changes marking both stages in the con- 
version of organic débris into coal, the preeminently important 
result to man is elimination of oxygen. Economically this is 
the most essential incident of the process.”* This elimination 
of oxygen in the progression from wood to anthracite is the most 
noticeable chemical change in coal during the process. Table X 
and Fig. 8 show the amount of this decrease in the case of a num- 
ber of typical coals, calculated to an ash- and moisture-free basis: 


TABLE X 


OxyYGEN CoNTENT OF Woop, PEAT AND TYPICAL CoaLs 
(Ash- and moisture-free basis.) 


Prr Cent 
FurEL OxyYGEN 
VIO OCI Rte ete eine LN ear rie emp emma Pe a biola 43.15 
Bt ooh Ne ces Aad Oe SRC Ae Sana Oe a EE Ie Sade are ae a SaaS 
(Di fenal ites: 2950s kite ita nck oF COD ae ee Oe tuck Clty CRN Ren OPO 19.60 
Coal: 
Stolen aareanaKoiei.n. ao ge an oak oe wo oma old oe awe 17.00 
BiguminoOus se) ai a echaoricHincet Putin ok nce aa Mic er Ree ae bay salts 
(Svernavil Sih AUEOTTN MODES. RahA cyt ores oupiemc) coca cse) olSaacnk RPE SOR 2.64 
SartirBenahHniaavcnits, Geis Seeoth noeriee thor aeacke caver ie a eos aioe © Pog 
Nay RENO qusahte d OM pe OO Be lO Heo ED ere eee PAN} 


* For a detailed exposition of the effect of oxygen and the tabulation of a 
large number of coals with regard to O» content, H:O ratio, ete., see refer- 
ence 27. 
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It is important to see the effect of the oxygen content on the two 
main uses of coal, namely (1) to produce heat, and (2) to serve 
as a raw material for coke. 

Effect of Oxygen on Heating Value.—To determine the effect 
of oxygen on the heating value of coal, White made a study and 
tabulation of the complete analyses and calorimeter tests (heating 
values) of over 300 coals, representing practically all the coal 
fields in the United States. The coals came from 27 states, as 
well as from Alaska and Mexico. Practically all ranks of coal 
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Oxugen Content of Fuels = 
Frag Wood To Anthracite 
(Moisture and Ash-Free Basis) 
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Fig. 8.—Oxygen content of fuels from wood to anthracite (moisture- and ash-free 
basis). 


from lignite to anthracite were included. In the coals studied 
the ash ranged from 2.38 to 29.38 per cent and the oxygen from 
1.82 to 38.57 per cent, and from the tabulation it was found that 
1 per cent of oxygen had the same effect as 1 per cent of ash, 7.e., 
oxygen and ash appear to have the same anti-calorifie effect. 

The per cent carbon changes practically inversely with oxygen 
due to the high combining power of oxygen compared with 
hydrogen, and for this reason the effect of hydrogen on the heat- 
ing value changes but little in all coals. As carbon is the 
variable heat-forming element, and oxygen and ash are the non- 
heat-forming elements, White plotted the heating value of the 
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Carbon 
Oxygen + Ash’ 


coals (B.t.u. per lb.) against the ratio obtaining 


the curve shown in Fig. 9. 

The ratio of carbon to oxygen plus ash is a close approximation 
to the ratio of combustible to inert material in the coal. This 
curve may be expressed mathematically by the equation 


17,230 

B.t.u. per pound of coal = 16,780 — + 0.98 
7 __ Carbon 
bias eae Oxygen + Ash 


This same formula applies equally well to dry coal, air-dried 
coal, or wet coal, the B.t.u., of course, being for the coal as 


i500 Heating Value | 
Sng hee 
-s 13,000 
5 
rad 
© 11,000 
3 
co 
9000 
eo 1.0 2.0 3.0 40 5.0 6.0 1.0 8.0 9.0 95 
Cc 
Ratio Oiich 


carbon 


— i | i ¢ f ls and the ratio : 
Fie. 9.—Relation between the heating value of coals a eis EES 


calculated, 7.e., for 1 1b. of coal dry, air dry, or wet, as the case may 
be. This relationship holds, since a change in water content not 
Carbon 
only effects the Onrcen Goch 
the heating value. Since oxygen is determined by the difference 
between carbon, hydrogen, nitrogen, sulfur, ash and 100, and 
therefore requires the carrying out of five determinations, the 
above formula serves as a means to calculate the per cent of 
oxygen by the relatively easy method of a determination of 
carbon, ash, and the heating value from a bomb calorimeter test: 


Thus, 


ratio, but correspondingly alters 


Carbon, © 17230" e 6.98 
Oxygen + Ash 16,750 B.t.u. aan 
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- 16,750C — (H)C — 0.98A(H) — 810A, 
LESS Tena TORN 0.98 B.t.u. + 810 

where C = per cent carbon, A = per cent ash, and H = heating 

value in B.t.u. per lb. 

The Effect of Oxygen on Coking of Coal.—The second major 
use of coal is to serve as a raw material for the production of coke. 
Two widely used rules for identifying coking coals are: 

1. The volatile matter must be between 20 and 30 per cent. 
This often breaks down, however, and is quite unsatisfactory. 

2. The available* (net or free) hydrogen should be about 3.20 
to 3.80 per cent. This “rule” is also untenable. White, how- 
ever, in his study of the effect of oxygen in coals, found that when 
the fixed carbon in the pure coalt is less than 79 per cent and the 
Eee om ES eee is 59 or more, with but one 

er cent Oxygen 

or two exceptions the coals make coke by the ordinary commer- 
cial process. While coal with a H:O ratio of 59 or over is almost 
certain to give a good coke, and while coke of good quality may 
usually be expected from coal with a ratio as low as 55, poor 
results are usually obtained with coals having a ratio below 55. 
The best cokes obtained in ordinary commercial processes are 
made from coals having a ratio of 60 or over. If the per cent of 
fixed carbon in the pure coal is more than 79 per cent, coking is 
possible only if the amount of carbon in the volatile matter is 
large. 

The application of the H:O ratios and the use of the tables 
contained in White’s work seems to offer valuable suggestions 
concerning the methods of mixing coals to obtain coke of good 
quality. However, the use of the H:O ratio does not correctly 
classify all varieties of coal as to their coking quality. 


ratio of 


* The term ‘“‘net hydrogen”’ is discussed in detail in a later chapter. It 
may be defined here as the portion of the hydrogen in the coal above that 
equivalent to the oxygen content, i.e., net hydrogen = total hydrogen — 
Mg ogygen. 

} The coal substance, according to Grout,*§ is the fixed carbon plus the 
volatile matter, and therefore the fixed carbon in the pure coal substance is: 


texas (Fixed carbon) (100) 
(Fixed Carbon) + (Volatile Matter) 


Noe 
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CHAPTER III 
TYPES OF COAL AND THEIR CLASSIFICATION 


The methods of classifying coal are discussed in the latter 
part of this chapter. Before considering these classifications, 
however, it is necessary to describe briefly the varieties of coal 
recognized scientifically and commercially. It should be borne 
in mind that these different varieties cannot be differentiated 
sharply, since the properties of one class gradually merge into 
the properties of another without rigid dividing lines. Two 
coals may differ considerably in composition and still be of the 
same class. 

TYPES OF COAL* 

Peat.—Since peat is the first stage in coal formation, its 
description has been included, though it is not a variety of 
coal. Peat is an accumulation of compacted and partly devolatil- 
ized vegetable matter containing relatively high percentages of 
oxygen and water. It varies from a woody material to a black, 
jelly-like substance and in a few cases contains so much mineral 
matter that it will not burn freely. It always contains a large 
amount of water, and to make a good fuel it usually has to be 
compressed and dried. The water content may run from about 
60 to 90 per cent, though in most peats it is 80 to 90 per cent. 
The water content may be reduced to 50 to 60 per cent by pressure 
and to 30 to 35 per cent by air drying. The following table gives 
a moisture- and ash-free analysis of a typical peat: 


TABLE XI 


ANALYSIS OF A TYPICAL PEAT 
(Ash- and moisture-free basis.) 


Per Cent 
Volatile matters. msc ae cone ae cee FOO: 
Mixed Garbo s.7 seis aac hemo 29.94 
Hulbam te 5 Soe lone ae eter eee baal 
Ue Rigo gO) acolo ReMi Meare cheusetuaes canto ds ye 5.44 
@anbonmctotel nace. cease ieee eens DOeaT 
INTERO RBI res one ceece. cis ee ctecee oS Mere 2.95 
ORY 2 CIA Ree Oe 7 Set een eee ere 33.53 
Heating value. . Soe sian Us Me ee ee GOL Oe Betcue perl on 


* A more extended RE. of the various types of coal is given by 
Moore! and Campseiu.** The coal characteristics deemed most important 
from the point of view of combustion are discussed in this chapter. 
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The sulfur content is usually below 1 per cent. Some peats 
contain such a high percentage of nitrogen that their value is 
enhanced considerably. 

Lignite.—In America the words “lignite” and “brown coal” 
are used interchangeably, since both are of the amorphous woody 
type and their chemical properties are nearly alike. The term 
“subbituminous,” as stated below, has been used by the U. S. 
Geological Survey to define the glossy “black lignite,’ while the 
term “‘lignite’’ has been reserved for the lignitic brown coals 
which are of distinct woody or clay-like appearance. These 
coals usually contain from 30 to 40 per cent of water as they come 
from the mine, and on losing this water through weathering 
they split up into slabs, disintegrating more readily and com- 
pletely than subbituminous coal. Owing to their high water 
content, lignites are usually burned near the mine. The following 
table gives the ash- and moisture-free analysis of a typical 
Montana lignite: 

TABLE XII 


ANALYSIS OF A TYPICAL LIGNITE 
(Ash- and moisture-free basis.) 


Per Cent 
Molatilernatieradac ssa aes dni Mn wc ci, 02. OL 
HEXGOMCAT MINES Met ee tenes ete aiekes os. 34 47.09 
SUM: ee Ree are me Cee tuaeee s © lnoe 
TBE Goh geyuarh, 35.56 Set tec eden canner ence. 5.10 
Carpone(tOoraleye ewe c ck site ces tiedes a 70.54 
INH DaixE nt. <5 Fe Sede a cater, RIE cea eae it 5 
CO ret cee een cea aera Rosy ops cto. Peco, 3 Gple sh 21.50 
EL Gai irs evel eee nie aes eveie ele air) oo. os exe 5K 12,160 B.t.u. per lb. 


The moisture averages from about 10 to 40 per cent and the ash 
from 5 to 12 per cent. Lignite as mined usually has a heating 
value of from 5500 to 8000 B.t.u. On a moisture- and ash-free 
basis this corresponds to 10,000 to 13,000 B.t.u. per Ib. 
Subbituminous.—This term has been adopted by the U. S. 
Geological Survey for the “black lignite” coals between bitumi- 
nous coal and brown woody lignite. These coals are usually 
glossy black in color and can be distinguished from the lignites 
by their apparent absence of woody structure. According to 
Campbell,? they may be distinguished from the bituminous coals 
by the loss of moisture and the consequent “slacking” or crumbling 
parallel to the bedding that they undergo when weathered. Due 
to the loss of combined water, subbituminous coals check and 
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crack irregularly on weathering as compared with the bituminous 
which splits along definite cleavage planes. On account of the 
pitch-like appearance, black lignite is known as Pechkohle in 
Germany. Subbituminous coals vary greatly in both appearance 
and chemical composition, some of them being banded like the 
bituminous coals and others having the appearance of the cannel 
types. The analysis‘ of a typical Wyoming subbituminous 
coal, calculated to an ash- and moisture-free basis, is given 
below: 


TABLE XIII 


ANALYSIS OF A TYPICAL WYOMING SUBBITUMINOUS COAL 
(Ash- and moisture-free basis.) 


Per Cent 
Volatilesimabieree sents te ne aee eee 40.51 
Hixedcear Doni pense teens oe ae ae ate 59.49 
SUEUR ee ee pelts ont eee ce eee ee 0.45 
Hydrogen. cet case eria= Aerie = 4.81 
Carbon s(totall) gece een ae eee 76.61 
NIETO PON ete iane as tee oerene Rice ees 120 
OX. g Clie. ees ae Rees es eR a ee eee 17.03 
Heating valiie; 2h aae sees eee eee eee 13,030 B.t.u. per Ib. 


Moisture usually averages from 7 to 25 per cent and the ash from 
3 to 30 per cent. 

Bituminous.—The main distinguishing feature of bituminous 
coals is their higher content of volatile matter as compared with 
the semi-bituminous coals. On this account they burn more 
freely with a long yellowish flame, giving off a heavy yellow smoke 
of characteristic bituminous odor. This coal is always laminated 
in structure, having numerous dull and bright bands occurring in 
varying proportions. Bituminous coal is the main fuel for 
industrial purposes, being used under boilers for steam raising, 
in the manufacture of coal gas and producer gas, and for direct 
heating of furnaces and kilns. 

Bituminous coals are designated as caking or non-caking, 
depending on their action when heated. If on heating the coal 
softens or melts and solidifies into a more or less solid cake, 
leaving a hard, coherent mass on further heating, the coal is 
called a caking or coking coal. If, on the other hand, the 
bituminous coal does not soften seriously on heating and if the 
resultant residue is friable and non-coherent, the coal is called a 
non-caking or non-coking coal. 
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The composition of a typical bituminous coal (Connellsville, 
Pa.) is shown in the following table calculated to an ash- and 
moisture-free basis: 

TABLE XIV 


ANALYSIS OF A TypicaL Brruminous Coan (CONNELLSVILLE, Pa.) 
(Ash- and moisture-free basis.) 


Per Centr 
MOMs e rn aGGer one) oat An aioe) Poco ses 30. 20 
MuGced: GET DON eeey tao. sisi ene ccs oe: 69.80 
eset, i aes Oi Oe ae ai aR 1.06 
EL Vel rop ener kes Wate ees 2 ee sto, 5.94 
Carbon (ious tater oe © eS so ace. oe 87.10 
NKCrOpen ge mer Steere y ee ticity eo aa il By 
ORO PME Wat aera ea vic ee ee cake tok: 5.12 
PIGALIN CPVALUG oe sree tee tole piers oe 15,560 B.t.u. per lb. 


The moisture usually ranges from 2 to 10 per cent and ash from 
2 to 12 per cent. 

Cannel coal (a variety of non-coking, bituminous coal) has a 
particularly high percentage of volatile matter. It burns with 
a bright flame, and was originally called “candle coal,’’ because 
splinters of the best grades will ignite easily when touched with a 
lighted match. The richness of cannel coal is due to the fact that 
it is composed for the greater part of spores, spore cases, and seed 
coats of plants, and the resinous or waxy portion of the vegetal 
matter. On account of its richness it was once used extensively 
for the distillation of oil. Owing to the absence of woody mate- 
rial and its regular structure, it breaks like glass with a shell- 
like fracture. The following is an analysis of a Kentucky 
cannel coal which is characteristic of the class. 


TABLE XV 


ANALYSIS OF A Kentucky CANNEL CoaL 
(As received basis. ) 


Per Cent 
INTC EHONEES, Lo Ry an Ere 2.36 
Wola Gatherer cane ce cen nactag | SOneO: 
HIRCGUGHTEO GMM sci aserie: Gn oe secspoue ers 38.75 
JNGLAY: 2 ota cop Seehes AE DO lice Tae eae iar 10.49 
SOTIUADED sg em ee Pad COCs Oe Eee eee eee 1.20 
[SkyCity yo as oo nu nn Joemed ooaua pouoe 6.47 
(Chibi! Grove ios deae ane do pedo on ae 71.98 
INTTSHOpREIN, 4.4 6 Ao le ome Ges cee oe 1.16 
Oxyvenmrrrie hier sree ss ieirieienr sais 8.70 


ISEIHIO ee VEUWVO. ny oopoe de Gono ene bool oc 13,770 B.t.u. per lb. 
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Semi-bituminous.—The term “semi-bituminous’” is an 
unfortunate choice of words, since to many it implies that this 
variety of coal is of a lower grade than bituminous, while as a 
matter of fact it denotes a coal of higher rank—really, a swper- 
bituminous coal. The term was devised to cover the “dry,” 
low-volatile coals as opposed to the “‘fat’? or high-volatile 
bituminous coals. Semi-bituminous coal contains a fairly high 
percentage of fixed carbon, which makes it practically a “smoke- 
less coal’? and in many sections of the country it is frequently 
sold as a domestic fuel. The best coals of this variety have a 
higher heating value than any other type of coal and are, in 
consequence, in great demand for steam-raising purposes. The 
analysis of a typical high-grade semi-bituminous coal from 
the Virginian Appalachian region, calculated to a moisture-and 
ash-free basis, is given below: 


TABLE XVI 


ANALYSIS OF A TypicaL HiGH-GRADE SEMI-BITUMINOUS COAL 
(Ash- and moisture-free basis.) 


Per Cent 
Violatilesmatter.a ae cee ae eed GEO 
Mixed! csr bone here andes oh. aeons See 83.20 
Sali uit ee Wee rete ogg ioe ee oe ee 0.79 
lekicligorys thee eer Me Soie see ee Sf 4.75 
@arbon (totaljin-c seem case een OU 
INTtrOTETL Fe eer ere eee RO ae LeLy. 
ORV Petes Laas, ioe Se ere ee 2.98 
Heating valet nde. sa aia sao eh Ker LO, COURS ULepend ior 


The water content usually varies from 2 to 6 per cent and the ash 
from 4 to 11 per cent. 

Semi-anthracite.—Semi-anthracite, although a hard coal, is 
not so hard as anthracite. The name was adopted to cover the 
coals between the hard anthracites and the soft semi-bituminous 
coals. Semi-anthracite is not so high in fixed carbon as anthra- 
cite, and, owing to a higher percentage of volatile matter, it 
kindles more quickly and gives off a slightly yellow flame when 
ignited. It is not found in very large quantities and is usually 
sold as anthracite for domestic purposes. The following table 
gives an analysis, on a moisture- and ash-free basis, of a typical 
semi-anthracite coal from the Pennsylvania region (Sullivan 
County). 
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TABLE XVII 


ANALYSIS OF A TypicAL SeMI-ANTHRACITE COAL 
(Ash- and moisture-free basis.) 


PER Cunt 
Nolatilennathenyaretct: at s(eR tte. 64.002 
Hixed iG ar W Oneal. Gm peony vu.ak 90.08 
SULIT Bryer ie erotica ae 5.0, 0.77 
Hy crorenemmyr ine Sekt. ose! oe Me 3.72 
Warbonus(totall, vere. sees oke re. eee e 91.60 
HN IGIROS ete tse feeds ood cree ahsa sackets es oon eae 
OR AES 2 Tos Bee ne one, ee ee 2.64 
BIGAPR VEIN i022, ose a5. +n. ia. v.») 25,410 BAady per Ib: 


The moisture content may vary from about 2 per cent to 8 per 
cent, and ash from 4.3 to 14.5 per cent. 

Anthracite.—In America this coal is sometimes called “hard 
coal” and in Wales “‘stone coal.’”’ It burns with a short blue 
flame, gives off but little odor, and does not soften or cake on 
burning. These properties, together with its high apparent 
(bulk) density (55 Ib. per cu. ft.), make anthracite an exception- 
ally good domestic fuel. The heating value of anthracite is not 
so high as some of the best semi-bituminous or bituminous 
coals. Except in the smaller sizes unsuited for domestic use, 
anthracite is not used for steam raising or general manufacturing 
unless a non-smoking or low-sulfur-content coal is required. 
The following table gives an analysis on a moisture- and ash-free 
basis of a typical anthracite coal from the Pennsylvania region 
(Luzerne County). 

TABLE XVIII 


ANALYSIS OF A TYPICAL ANTHRACITE (PENNSYLVANIA REGION) 
(Ash- and moisture-free basis.) 


Per CENT 
Wolfner, oo enean ones one we canes 9 OMI) 
EEKGdiGat Onan ine eile ster rae fe ahah 93.82 
Stiltner te ean cht <ev-1s te eer a 0.62 
lEhWeldapwent,... oc) ko ace cues SMO One DOOC 2.68 
Carbon GObal) ae ice cis oes Siew yereioee 94.01 
INTEROM CTA MM na oreeas aes = Tnlshs cre eel alc 0.99 
O;gAGi. 56 sore ome en es opobmeanDsl se 1.74 
lekecieinee Valli. Soon ogee boom oaeme mes bo: 14,070 B.t.u. per lb. 


The moisture content usually varies from 2.2 to 4 per cent and 
ash from 1.5 to 10 per cent (and higher in the small sizes used 


as an industrial fuel). 
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Comparison of the Different Coals——The following table* 
and Fig. 10 show the relative composition of wood, peat, and 
coals, the coals being calculated to an ash- and moisture-free basis. 


TABLES XIX 


Composition oF Woop, Prat, AND CoALs 
(Ash- and moisture-free basis.) 


Proximate 
analysis, Ultimate analysis, per cent 
per cent 
Heating value 
2 H g i Bus r= | (B.t.u. per lb.), 
i= = ae 3 Se £ A 2 So moisture- and 
Te) 4s 3 > © a ae M f 
8 i 9 Ble *™RSl|e™ S ash-free 
WSO oo atotk Oe co Lea et or SRR IS oem tae 6.25} 49.50} 1.10} 438.15 5,800 
Pate oe cach ress aiehaes 70.06] 29.94] 1.71] 5.44] 56.37) 2.95] 33.53 9,610 
Tagmiter voaeercneeee Sees os 60.67] 39.33] 1.89] 4.74] 72.79] 0.98] 19.60 12,172 
Subbituminous..:....... 88.12] 61.88] 0.50) 4.74] 76.28) 1.47] 17.01 12,938 
Bituminous, ..).0f2¢ +. .<-|) 00-26) 69.74) 1706) 5539) 87.00) Aoary, S18 15,527 
Semi-bituminous........| 16.12] 83.88] 2.52] 4.37] 89.07] 1.40] 2.64 15,683 
Semi-anthracite......... 9.95| 90.05] 0.74) 3.76] 92.15) 1.18] 2.17 15,457 
ABtHTaACIbE 25 2p sitet ep ass 1.29] 98.71] 1.00) 1.77| 94.39) 0.71} 2.13 14,882 


ep 


0 — 
le-- Wood --->«-- Peat -->k Ligni te se hia ana Anthracit=,\. Graphite 3s 


Fra, 10.—Graphic representation of the transformation of fuels from wood 
to anthracite. (Adapted from ‘The Making, Shaping and Treating of Steel,” 
Carnegie Steel Company (1920).) 

The gradual increase in fixed-carbon content and the simul- 
taneous decrease in the amount of volatile matter are strikingly 
brought out by the figure. 

* Adapted from Moors.! 
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As previously pointed out, one of the most interesting features 
in the progression from wood to anthracite is the gradual decrease 
in oxygen content. As shown in the above table and in Fig. 10, 
the oxygen content of wood is about 40 per cent, falling off to 
little over 2 per cent in the case of the anthracite. In order to 
show the wide difference in the analyses of coals ‘‘as received” 
and “calculated to an ash- and moisture-free basis,” the following 
table is given, the analyses being for the same coals as in the 
preceding table. 


TABLE XX 


CoMPARISON OF Woop, PEAT, AND CoALs 
(Analyses ‘‘as received.”? Data from E. S. Moore’) 


Per cent as 
e383 
Kind of fuel ek = i e 5 i a 
2 ej 6 Sal eet res | (0 i aS a 
Selasies| | 4 heise eal 2] ss 
ao | 3s a | > ole sles S| o 

A > ic < n | Ns (e) ca) 
WE Ce Eerts ee metas cet ere ay. ster oes s'|s cesta sere rel atotee « 6.25/49.50] 1.10/43.15) 5,800 
Peat se eeeeee es... /06.70/26.14/11.17| 5.99) 0.64) 8.33/21.03) 1.10/62.91| 3,586 
LB Pacis epee ge Sey eens Sa 34.55/35.34/22.91] 7.20] 1.10} 6.60)42.40] 0.57/42.13] 7,090 
Subbituminous.......... 24 .28)27.63/44.84] 3.25] 0.36) 6.14/55.28] 1.07/33.90| 9,376 
AU GUE, ae, sn aes os ots 3.24/27 .13/62.52| 7.11] 0.95) 5.24/78.00] 1.28] 7.47|13,919 
Semi-bituminous.........| 2.03]/14.47|75.31| 8.19} 2.26] 4.14/79.97| 1.26] 4.18/14,081 
Semi-anthracite.......... 3.38] 8.47/76.65|11.50] 0.63] 3.58)78.43] 1.00} 4.86/13,156 
ADGhraeiiesaas < sie s< pa sxe 3 2.80) 1.16/88.21] 7.83] 0.89] 1.89/84.36} 0.63] 4.40/13, 298 


A more striking method of comparison is that adopted by 
Campbell. He represents graphically the proximate chemical 
composition of certain coals as shown in the accompanying 
diagram (Fig. 11), the figures being taken from actual analyses, 
and calculated over to an ash-free basis. 

The coals represented are: (1) North Dakota lignite; (2) 
Wyoming subbituminous; (3) bituminous coal from Indiana; (4) 
bituminous coal from Ohio; (5) bituminous coal from Pittsburgh; 
(6) and (7) semi-bituminous coals from the Windber district, 
Pennsylvania; (8) semi-anthracite; (9) Pennsylvania anthracite. 

The diagram shows an increase in fixed carbon in the ascending 
scale from lignite to anthracite, and that the moisture content, 
after decreasing rapidly from lignite to medium-grade bituminous, 
is relatively small in the case of the better coals. It should be 
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noted that the volatile matter is a maximum in the intermediate 
ranges, and that the heating value of anthracite is less than some 
of the lower-rank coals. As pointed out by Campbell, there is a 
tendency for people to believe that, on account of its high price, 
anthracite should have the highest heating value. Of course, 
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Upper Diagram: Comparative heat valve of same coal represented 
in wer diagram ash-free basis. 

Lower Diagrarr: Variation in fixed carbon, volatile matter and moisture 
of coals from lignite toanthracite,as received, ash-tree basis. 


Fig. 11—Comparison of the heating values and compositions of various coals. 


anthracite has the highest percentage of fixed carbon, but the heat- 
ing value of coal is chiefly determined by the percentage of car- 
bon plus hydrogen. Since the heating value of carbon is only 
14,544 B.t.u. per pound and that of hydrogen is 62,000 B.t.u. 
per pound, it can readily be seen that some of the lower-rank 
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coals with their relatively high percentages of net hydrogen* can 
have higher heating values than the anthracites. 

The distinguishing chemical and physical characteristics of 
various ranks of coal have been summarized by Fieldner and 
Davis? as follows: 

TABLE XXI 


PHYSICAL AND CHEMICAL CHARACTERISTICS OF COALS 


(After Fieldner and Davis.) 
a I ie nO ee 


Chemical characteristics Physical characteristics 


Approxi- | Ratio of 
mate per fixed 


cent carbon 
Coal ; 
normal to 
mine volatile 
moisture | matter 
Ingnitecsescse- ssc.) B0=45 .... | Distinetly brown; either mark- 


edly clay-like or woody in 
appearance. Falls into pieces 
on exposure to weather 
Subbituminous...... TSSOP Ie ence Black; no distinct woody tex- 
ture; disintegrates and loses 
moisture on exposure to 
weather, but less rapidly than 
lignite 
BiG Use sere 3-15 3 But slightly affected by ex- 
posure to weather 
- Semi-bituminous.... 3-6 sf But slightly affected by ex- 
posure to weather 
Semi-anthracite..... 3-6 6-10 | But slightly affected by ex- 
posure to weather 
JN ONENOG oo 6 acicla oar 2-3 10-60 | But slightly affected by ex- 
posure to weather 


THE CLASSIFICATION OF COALS 


From a knowledge of the method of formation of coal, it is 
fairly obvious that any attempt at classification must be more or 
less arbitrary and that boundary lines cannot be rigid, since the 


*The term “net hydrogen” has been defined as thé portion of the hydro- 
gen in the coal above that equivalent to the oxygen content. The oxygen 
with the equivalent amount of hydrogen to form water is, of course, valueless 
as regards the production of heat, while the hydrogen in excess of this 
amount (net hydrogen) yields 62,000 B.t.u. per pound on being burned. 
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various types shade off into each other so gradually. There are, 
however, a number of names, such as anthracite, bituminous, 
and lignite, which have been used for a long time in the coal 
trade to designate certain varieties of coal. These terms are 
much too broad, however, and with the rapid expansion of the 
coal industry a number of attempts have been made to define 
the varieties more closely for practical and scientific purposes. 
Some of the more important of the proposed methods of classifi- 
cation* are given below. 

Frazer’s Classification—Among the earliest attempts to 
classify coals on anything like a scientific basis was that of 
Frazer,® utilizing the ratio of fixed carbon to volatile matter as 
obtained from the proximate analysis. He attempted to differ- 
entiate between the various trade varieties and found that the 
fields overlapped considerably. He finally evolved a classifica- 
tion for the following ranks of coal, clearly recognizing that it 
was decidedly arbitrary: 


TABLE XXII 


FRAZER’S CLASSIFICATION OF COAL 
Fixed Carbon 


Hato = Vidatile Matter 
PAT GTA OIUO Paes sncakenne Whe a. chaps Ci she ae ree CE 100-12 
SermMi-anthracijes ne Maes.c cake voce Rico een eee ree 12- 8 
SVS OTHADHCIUIOL OVI en. wus RE eee shee Se ae a Sls 8- 5 
Bi UmiTOUs ae one ORR se SPO aie Sites ae ye ee 5- 0 


It was soon pointed out that, while Frazer’s classification 
served quite well for the immense coal deposits of the eastern 
United States, it would not serve to classify the great coal 
fields of the West. At the time this attempt at classification was 
made, the ‘“‘younger”’ coals of the western part of the country 
were not of so much importance, but with our national expansion 
their use began to increase, thus making Frazer’s classification 
of little general value. 

Ralston’s Classification.—A classification based on the percent- 
ages of carbon, hydrogen, and oxygen in ash-, moisture-, sul- 
fur-, and nitrogen-free coal has been evolved by O. C. Ralston.7 
The percentages of the three elements (carbon, hydrogen, oxygen) 
are plotted on trilinear coordinates, the coal being assumed to 
be only carbon, hydrogen, and oxygen. ‘Thousands of analyses 
were plotted by Ralston, and the general trend of the curve is 


* Several methods not discussed in this book are described by Moore.! | 
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shown in Fig. 12, the zones occupied by the different coals being 
shown rather than the actual analyses.’ The small triangle 
represents the complete diagram, with each of the coordinates 
running to 100. Since all the fuels fall in the lower left-hand 
corner (shaded), this portion of the diagram is enlarged in the 
lower figure. To illustrate the method of reading the plot, 
the junction of the lignites and peats is represented by the point 
30 per cent oxygen, 64 per cent carbon, and 6 per cent hydrogen. 
The diagram shows in a rather striking manner the rapid decrease 
in oxygen from wood and the lignites through to anthracite. 
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Fia. 12.—Raltson’s classification of coals. 


Campbell’s Classification.—After critically examining the 
-analyses of a large number of coals for the purpose of deriving 


a workable system of classification, Campbell’ came to the fol- 
: . Per cent Fixed Carbon 
lowing conclusions: (1) Fuel ratio, Parceap Vy olatileaiatiarst? 


not a satisfactory method of separation except for anthracite’ 
semi-anthracite, and semi-bituminous coals. (2) The calorific 
value is an unsatisfactory method, especially in the higher or 
‘ better ranks of coal. (3) The percentage of fixed carbon, while 
fair, fails in detail, and is thus unsatisfactory. (4) Although the 
percentage of hydrogen is in itself valueless as a means of classi- 
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fication, the carbon-hydrogen ratio is satisfactory except for 
cannel, some anthracite and semi-anthracite coals. Campbell? 
has also advocated what might be termed a descriptive method 
of classification of the coals below bituminous. The essential 
points of this classification are the appearance of the coal and 
its behavior on weathering. 

On weathering, bituminous coals break up into prisms along 
their regular cleavage planes, while subbituminous coals, on 
weathering, check and break irregularly into smaller pieces and 
also separate into flat plates (the face of the plates having been 
originally parallel to the floor of the fuel seam). Separation of 
subbituminous coal from lignite is made on the basis of appear- 
ance, the former being black and shiny while the latter is brown 
and woody. 

White’s Classification—White,'° in his work on the effect 
Carbon 
Oxygen + Ash 
rific values (see Fig. 9, Chap. II) and found that the points fell 
on a smooth curve, except for (1) weathered coals, (2) those 
having more than 79 per cent fixed carbon, and (3) the boghead- 
cannel group. He considered that the H:O ratio is of marked 
value in distinguishing the coking coals when the per cent of 
fixed carbon is less than 79 per cent. According to White, coals 
with a H:O ratio of 0.59 or over are almost certain to coke; 
coke of good quality may usually be expected from coals with a 
ratio between 0.55 and 0.59, while poor results are usually 
obtained when the ratio is lower than 0.55. This and other 
points in White’s work have already been discussed in Chap. II, 
and, in spite of the importance of oxygen content, this method 
does not readily serve to classify the types known to the coal 

industry. 

Classification of the Twelfth International Geological Congress. 
The Twelfth International Geological Congress,!! in an 
attempt to determine the coal resources of the world, sent 
questionnaires to a large number of authorities. The question- 
naire classified the coal along the lines shown in the following 
table :* 


of oxygen in coal, plotted the ratios against calo- 


* The classification given here is in abridged form. All the essential points 
are included, however. 
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The classification as given in the above table serves well in 
defining and classifying the coals into groups corresponding 
to the usual trade names. 

Regnault-Griiner Classification.—In their method of classifi- 
cation, Regnault and Griiner make use of the ultimate analysis 
and two determinations from the proximate analysis (per cent 


volatile matter at 900°C. and per cent fixed carbon). 


Their 


classification, which also specifies the chief uses and type of coke, 
has been revised by Bone! as follows: 


TABLE XXIV 


CLASSIFICATION OF CoAL 
(After Regnault-Gruner.) 


(All figures refer to ashless, moisture-free coal.) 


i e 
Per cent composition pub Paricaat Character oF 
Genus Class Chief uses 165 92°F ; fixed carbonaceous 
C H lo+N+8] (900°C.) carbon residue 
A Non- caking | .......... 60-75] +5.0/20 -35 | Above 45 | Below 55 | Non-coherent 
Lignites 
B1 Non- Rever- = |75-80/4.5-5.5}15 -20 40-45 55-60 Non-coherent 
caking, long | beratory 
flame furnaces 
B2 Caking, | Gas making 80-85) +5.6]/10 -15 32-40 60-68 Very porous 
long flame coke 
B (domestic) 
Bituminous 
B3 Hard | Coke manu- |84-89]5.0-5.6] 5.5-11.0] 26-32 68-72 Dense coke 
coking facturing (by-product) 
B4 Hard | Coke manu- |88-90/4.5-5.5} 5.5- 6.5] 18-26 74-82 Very dense 
coking, facturing coke 
short flame | and steam 
rais ng 
BC Non-caking, Steam 90-92/4.0-4.5] 4.0- 5.5] 15-20 80-85 Weakly cak- 
Semi- short flame rais.ng ing or 
bituminous non-coherent 
Cl Anthra- Steam 8-15 85-92 
citic raising 
non-caking 
C - - —199=0413.0-4.0) $.0+ 2.5]. ok cccclecesn ences Pulveru ent 
Anthracitie | C2 Anthra- | Domestic Below 8 | Above 92 


and 
anthracites 


© tes 
non-caking 


and central- 


heating 
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The following factors should be noted with regard to the pro- 
gression from lignite to anthracites: 

1. The carbon content increases. 

2 Hydrogen is about constant until anthracite is reached. 

3. Oxygen continually decreases. 

4. Volatile matter continually decreases. 

5. Fixed carbon increases. 

A serious objection to all the preceding methods of classification, 
except that of Frazer, is that they require at least.one of the 
constituents that can be determined only from the utlimate 
analysis. The advantages of a workable classification based on 
the more readily accessible and quicker proximate coal analysis are 
obvious. A classification of this type was devised by Dowling, 
who used what he termed the split volatile ratio, 7.e., 

Fixed Carbon + 1% Volatile Combustible 
Moisture + 14 Volatile Combustible © 

This was adopted in part by the classification of the Twelfth 
International Geological Congress as previously shown. ‘Two 
other methods which do not require an ultimate analysis are 
given below. 

Ashley’s Classification —G. H. Ashley" has proposed what he 
terms ‘‘a use classification of coal,’”’ primarily intended for people 
in the coal business. Ashley uses two ratios, namely, the fuel 

pd fe Fixed Carbon 
ratio (¥-e., Volatile Matter 
That is, two ratios are used, and only a proximate analysis on the 
“as received” basis is required. In following through this 
method, Ashley has taken the names of the localities from which 
the coal was mined. The following table given by Ashley shows 
the application of this method to various coals. 


) anda ‘fixed carbon—moisture ratio.”’ 
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TABLE XXV 


ASHLEY’s CLASSIFICATION OF COAL 


i 


Fuel ratio, Fixed Carbon 
Coal Fixed Carbon Moisture 
Volatile Matter ratio 
Ant hracivCoe eee eit en ae ee 10+ 10+(30+) 
‘Bernicercoal ee ee eee 7 -10 10+(27+) 
Brushy Mountain, Virginia, coal..... oe =F 10+ (26+) 
Pocahontaccoa la 3.5 —-5 10+ (24.5) 
Sewell, New River, coal............. 2.5 —3.5 10+ (23) 
@onnelisvillecoalaee sere eee 1.85-2.5 10+(21.5) 
Tettiusl eed vr COfalle su odo ao utc set od ae ae 1.4 -1.85 10+(19.5) 
Beaver River, Pennsylvania, coal... . 1.4 10+(17) 
Gallatin County, Illinois, coal... ... 1.4 6.0 -10.0 
St. Clair County, Illinois, coal...... 1.4 4.0 —- 6.0 
Sangamon County, Illinois, coal... .. 1.4 2.5 — 4.0 
Grundy County, Illinois, coal........ 1.4 220:=" 255 
Sheridan, Wyoming, coal............ 1.4 Lo eG 
Carney, Wyoming, coal............. 1.4 pelos 14 
Gillette; Wyomung; coal eee ee 14 1.0- 1.4 
Wood County, Texas, lignite........ 14 0.85-1.00 
Houston County, Texas, lignite...... 1.4 0.65-0.85 
Williston, North Dakota, lignite... . . 1.4 0.5 —0.65 
In the above table it will be seen that the ee ratio 
oisture 
for the lignites falls between 0.5 and 2 and the ee 
(Moisture) 
ratio for the principal subbituminous coals falls between 2 and 
10—. The coals above subbituminous are separated on the basis 


.. (Fixed Carbon) 
of the fuel ratio, (Volatile Matten. 

Ashley has introduced several rather interesting features, such 
as the use of locality names for designating types of coal, 
making the type name end in zte. Thus, Pocahontas coal is 
called Pocahontite, and in addition to coal from this district 
of West Virginia it would also mean coal of the same grade from 
any locality. In view of the hold that the present names (bitumi- 
nous, anthracite, etc.) have on the coal trade, it is doubtful 
whether any attempt to change the method of nomenclature 
radically would be generally adopted. 
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Parr’s Classification.—After having previously suggested a 
classification which necessitated the use of an ultimate analysis, 
S. W. Parr has more recently published a method of classifica- 
tion'® based on the heat value of what he calls “unit coal 
substance.”’ The determination of the amount of pure coal 
substance is obtained by correction from the ordinary proximate 
analysis and consists in allowing for ash, moisture, and sulfur 
as well as the inert portion of the volatile matter. The heating 
value of unit coal substance is given by the following equation :* 
Heating Value = 

Indicated B.t.u. per lb. — 5000 X fraction Sulfur 
1.00 — (1 08 X fraction Ash + 224 X fraction Sulfur) 


On the basis of heat value of unit coal substance, Parr drew 
up the following table: 


TABLE XXVI 


HeEatTiInGc VALUE oF Unit Coa SUBSTANCE 
(After Parr.) 
HEATING VALUE OF 


Unit Coat SuBSTANCE, 
B.1T.U. PER LB. 


Cellulose tad: WoO ayeraevy leis tai oceneleers ssisisur, sees 6 ,500— 7,800 
SE Cainer eA deeds bic mapa Rceays or oe 7, 800-11 , 500 
Lignite, brown........ pape ye el 500-137 000 
Lignite, black, or cis bs eee ath See 13 ,000—14 ,000 
Bituminous coal (mid-continental field)...... 14 ,000—15 , 000 
Bituminous coal (eastern field)............- 15 ,000—16 , 000 
Semi-anthracite and semi-bituminous........ 15 , 500-16 , 000 
ATGLIESLGItE ae ema ici: seaiennaneudt tbs 15 ,000-15, 500 


Since this table is not completely satisfactory, due particularly 
to the lack of regular progression in the higher grades of coal, 
Parr then plotted the heating value of unit coal against the “per 
cent volatile matter in unit coal” 


ree Fixed Carbon as determined 
Unit Fixed Carbon = 1.00 — (1.08 Ashes aeqsoulfur) 


and Per Cent Volatile Matter in Unit Coal = 1.00 — Unit 
Fixed Carbon) for a large number of coals and obtained the 
diagram shown in Fig. 13. The dividing lines were chosen 
arbitrarily, but, as Parr points out, there is a marked thinning 


* Derivation of the formula is shown in reference 15, Bibliography. 
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out of the group representatives at the divisions, though this 
effect is much less marked in the case of the lignites than with the 
higher-rank coals. 

This is the only classification evolved so far that satisfactorily 
differentiates between the eastern and western United States 
bituminous coals. 


Anthra- 
cite 


Lastern Type 


Canne/ Coa, 
of Bituminous 4 


Lie 
Western Type 
of B/furttinous 


16,000 


British Thermal Units 


{Sub- Bituminous 
(Black Lignite) 


o-Anthracite 
@ Serm/-Anthracite 
©-Ser7/-8/fuminous 
0-Bfurinous 

e-Sub- Bituminous 


British Thermal Units 


|_| 
[| [ 
Peon 
HE I 
Eee H 
Sheet Tt et 
RaDARM ee ih PT TT e009 
0 10 20 30 40 50 60 


Volatile Matter of "Unit Coal’ per cent 


Fia. 138.—Parr’s classification of coals. 


Summary of Methods of Classification.—The following table 
shows the basis of the methods of coal classification mentioned, 
together with a summary of the advantages and disadvantages 
of each: 
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TABLE XXVII 
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SumMMARY oF Mrrnuops or Coan CnLassirIcATION 


Classification Basis of classification 
Fixed Carbon 
Prazer’s.:....-.++.+.+.-| l. Ratio =——_.—___——_ 
10 Volatile Matter 
RUAISTONI Es schema. sete 1. Per cent composition (car- 
bon, hydrogen, and oxygen) 
on a moisture-, sulfur-, ni- 
trogen-, and ash-free basis 
arbon 
Campbell’s..........- iE eee an 
Hydrogen 
2. Appearance of coal 
3. Action of coals on weathering 
WiDaGG Bieri oe.c: shite kr 1. Per cent oxygen on moisture- 
and ash-free basis 
2 Oxygen ratio 
“ Hydrogen 


Twelfth International | 1. 
Geological Congress 
Regnault-Gruner...... Li; 
2 
3 
ABOU Weane sa tone tise 2 iL 
2 
PATS er stprctevate apse ie reliclo|| (bles 


. Advocates 


Proximate and ultimate anal- 
ysis 


Ultimate and proximate anal- 
ysis 


. Coke characteristics 
. Chief uses 


Fixed Carbon 


Fuel ratio and Waistume 


new names for 
coals based on localities 


Per cent volatile matter and 
heating value of unit coal 
substance 


t Orml yy: 


1. Per 


i 


Advantages and disadvantages 


proximate analysis 


needed 


2. Unsuited for western coals 


1. Analysis difficult 
2. Lines of 


demarcation not 
sharp 


1. Gives an easy method for 


differentiating the bitumi- 
nous, subbituminous, and lig- 
nite coals from each other 


2. Ultimate analysis required 


cent hard to 


determine 


oxygen 


2. Gives some idea as to coking 


property of the coal 


1. Classifies coals into the well- 


recognized commercial grades 


. Requires long ultimate anal- 
ysis 


2. Very complete 


1. Requires only proximate anal- 


ysis on the “as received” 


basis 


2. Names proposed of doubtful 


value 


1. Requires only proximate anal- 


ysis 
2. Differentiates the eastern 
from western bituminous 


coals 
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COAL ANALYSES 


The following tables give a series of proximate analyses of 
typical anthracites and steam-raising coals from the eastern 
part of the United States: 


TABLE XXVIII 


PENNSYLVANIA ANTHRACITE!? 
(As sampled by the U. S. Bureau of Mines. ) 


As py 
Per cent | received a Per cent | Number of 
: B.t.u. per ; 
moisture} B.t.u. per ash analysis 
lb. 
lb. 
IRON so sccas0e all Bye 12,782 13,920 iD De | 13 
Hig 0" Jee cena decors 4.60 12,658 13 ; 268 11.30 4 
DLOVEr eter e eee 3.81 12,585 13, 084 12.05 19 
SN iUbecc eaters eects ter sees 4.80 12,365 12,988 12.48 6 
POS. aces skoteneeese ae 3.85 12,150 12,637 15.25 119 
Buckwheat No. 1.| 4.66 11,449 12,009 18.54 49 
Buckwheat No. 2.| 7.56 11,365 12,295 16277 18 


(Range of Analyses, as Shipped.?2) 


Fixed Volatile 


Ash, Moisture,| Sulfur, 

per cent ckica h Dame seas per cent | per cent 
per cent | per cent ; hie 
Broken Marni. ae 7-10 81-84 4-6 1-2 Ot 
Beech hen cices RAL d OSS 4-6 1-2 0.7 
SLOVO ite a er ueeeneaein 9-12 79-81 4-6 1-2 Ose 
Nutini ee eos 77-80 4-6 3-4 OE 
PCB wake eer | T Rloele 76-78 4-6 3-4 On’ 
Buckwheat No. 1....| 16-20 71-75 4-6 3-4 On 
Buckwheat No. 2....} 18-22 69-73 4-6 3-4 en 
Buckwheat No. 3....| 20-25 66-71 4-6 4-6 0.7 
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TABLE XXVIII.— (Continued), 


Stram Coats!? 
(Pocahontas and New River Coals.) 


ee 


Per cent 
Bt Ash-fusing 
; temperature, 
Moist- | Vola- | Fixed an Sul- ae degrees 
ure tile | carbon x fur i Fahrenheit 
1. Pocahontas run of mine..... Dry 19.07] 76.00 | 4.93} 0.61/14,960 2550 
2. Pocahontas run of mine..... Dry 18.56] 74.80 | 6.14] 0.68/14,751 
3. New River run of mine..... Dry 20.20] 75.96 | 3.83] 0.75115,074 2600 
4. New River run of mine.....] Dry 20.32] 74.00 | 5.58] 0.82/14,789 


Note.—All analyses by U. S. Bureau of Mines. 
1. Average of 111 samples from 27 mines. 
2. Average of 4905 samples from actual shipments. 
3. Average of 181 samples from 55 mines. 
4. Average of 3206 samples from actual shipments. 


(Pennsylvania Steam Coals.) 


Per cent 
’ Fixed etaue 
Volatile Ash Sulfur 
carbon per lb. 
Best run of mine..... Ph As, T2387 6.38 1.42 14,643 
Best run of mine..... 15.81 Tae 62, 6.07 ROW 14,787 
Second run of mine...| 15.98 75.20 8.82 1.30 14,315 
Locomotive Steam Coats!’ 
(Samples from Shipments Received by Railroads.) 
Per cent B.t.u. Reletusing 
| ae temperature, 
: . ; : ‘ degrees 
Mois- | Vola- | Fixed Ash Sul- dry Fabccibat 
ture tile | carbon fur | basis 
Pennsylvania, low-volatile..... 0.58 | 21.28] 69.88 | 8.26] 1.28/14,777 2,900 
West Virginia, low-volatile..... 1.92 | 17.95] 75.98 | 6.07] 0.75/14, 739 3,450 
West Virginia, Fairmont....... Dry 36.84] 54.24 | 8.92] 2.06)13,874 2,200 
West Virginia, Kanawha....... 1.19 | 36.55] 56.03 | 6.22) 0.66/14, 200 2,600 
West Virginia, Kanawha....... 1.51 | 83.55] 57.35 | 7.59) 1.19)138, 957 2,590 
Virginia, southwest Banner 
ae BPR TO PORE Re Re CeO Dry 36.23] 56.53 | 7.24] 0.57/14,303 2,490 
Pennsylvania, Pittsburgh...... 1.18 | 34.88] 56.24 | 7.70) 2.16/14, 267 2,550 
Pennsylvania, Pittsburgh...... 1.20 | 31.59} 58.02 | 9.19] 1.44/14, 140 2,550 
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CHAPTER IV. 
SPONTANEOUS COMBUSTION AND STORAGE OF COAL 


With exposure to the air all coals, except anthracite, even at 
ordinary temperatures absorb oxygen and slowly combine with 
it, evolving heat. Spontaneous combustion of coal is caused by 
this absorption of oxygen. Even when precautions are taken to 
dissipate any heat that may be liberated, the oxidation still 
progresses. The discussion in Chaps. II and III has shown that 
an increase in oxygen content of coal decreases the heating value 
and impairs the coking properties. This is true whether the 
oxygen is present as a natural component left from the wood, 
or whether it comes from the air on weathering. Since any 
oxidation that takes place previous to burning represents a loss, 
it can be seen that the question is one of considerable economic 
importance, affecting the handling of the coal at the mine, during 
transportation, and during storage. 


THE SPONTANEOUS COMBUSTION OF COAL 


The Influence of Sulfur.—Under certain conditions coal is 
subject to spontaneous combustion—that is, will ignite and burn 
without the application of heat from any external source. Up 
to about the year 1880 fires of spontaneous origin were ascribed 
to the heat liberated by the oxidation of pyrites (FeS.) in the 
coal, rather than to oxidation of the coal substance itself. 
According to these early views, enough heat would be liberated 
by the reaction 
2FeS. + 2H2O + 702 = 2FeSO, + 2H2SO, + 

1,155,000 B.t.u. per Ib.-mol. 
to raise the temperature of the coal pile to a point where vigorous 
reaction between the coal and oxygen would begin, and the 
whole mass then ignite. This view of the process is wrong, 
however,' since the whole pyrites content of the coal (2 per cent) 
on oxidizing would only raise the temperature of the pile to about 
260°F. (125°C.), even if all the sulfur were oxidized immediately 
and none of the heat generated were removed by radiation or con- 
duction. This temperature is below the ignition point of coal. 
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The fact that spontaneous combustion cannot be entirely attrib- 
uted to pyrites (and that in many cases the pyritic content is not 
an index of the ease with which a coal will spontaneously ignite) 
has been demonstrated by a number of investigators,2*456 
The opinion of authorities now is that pyrites is merely a sup- 
plementary factor in spontaneous combustion. It has been 
definitely established that the real cause lies in the direct oxida- 
tion of the coal substance by the adsorption of atmospheric 
oxygen. 

The oxidation of pyrites, however, gives off heat, thus to 
some extent raising the temperature of the coal and by this 
means may increase the speed at which the oxygen and the coal 
unite. Furthermore, on oxidation the pyrites increases in 
volume, thereby breaking the coal into small particles. This 
increases the amount of coal surface exposed, and therefore 
increases the rate of oxidation of the coal itself, since oxidation 
is a reaction that takes place on the surface of the coal. 

The oxidation of pyrites requires the presence of water, as 
shown by the reaction given above. ‘Thus, when moisture is 
present, pyritic oxidation becomes possible and trouble from 
this cause may ensue. In view of the influence of pyrites on 
spontaneous combustion, it seems advisable to guard against 
excessive sulfur and moisture. 

Direct Action of Coal and Oxygen.—All coals, except anthra- 
cites, even at ordinary temperatures, combine with oxygen, and 
spontaneous combustion may result from the heat generated 
by this oxidation. The absorption of oxygen by the coal begins 
as soon as it is broken out of the mine, and is most rapid with 
freshly mined coal. A summary*:”*° of the more important 
established points follows: 

1. The oxidation of coal is continuous over a wide range of 
time and conditions. 

2. The rate of oxidation increases greatly with increasing 
temperature (see Fig. 14) and with decreasing size of coal particles. 

3. For a given coal there is a critical temperature below which 
spontaneous combustion cannot start. The continuance (and 
initial attainment) of this temperature depends on external 
conditions. If these conditions are withdrawn, combustion 
ceases. Above this critical temperature, oxidation 7s independent 
of external factors and combustion is self-propelling or 
spontaneous. 
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4. Weathered coals’ (under a given set of conditions) have a 
higher critical temperature and are less liable to ignite spon- 
taneously than green coal. 

5. Coals containing a high percentage of textural moisture 
(i.e., moisture which is retained in the pores of the coal and does 
not cause the coal to feel wet) lose this moisture on exposure to 
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Fia. 14.— Relative rate of oxidation of dry coal at various temperatures. 
(From S. W. Parr, in ‘Industrial Coal,’ a report of the American Engineering 
Council, Ronald Press Co. (1924).) 


the air, thus offering the large surface of the pores for oxygen 
absorption. Coals with high textural moisture,’ and coals of 
high oxygen* content’? have relatively low critical temperatures 
and are particularly liable to ignite spontaneously. 


*It is interesting to note that coals with high textural moisture con- 
tents are usually high in oxygen. 
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6. Heating the coal to the temperature of autogenous oxida- 
tion is brought about by the net effect of several temperature- 
affecting variables. These variables, any one of which may be 
dangerous if the heat liberated is not dissipated, are: 

(a) External sources of heat, such as steam pipes, the sun’s 
rays, etc. 

(b) Fineness of division of the coal, which speeds up the oxida- 
tion by offering a greater amount of active coal surface to the 
oxygen of the air. 

(c) The heat generated by the addition of oxygen to unsatu- 
rated compounds in the coal. 

(d) The heat generated by the oxidation of pyrites 
(FeS2). 

(e) Moisture. This is mentioned® separately because its 
importance is apt to be underestimated. It is essential to the 
oxidation of pyrites and, without exception, in an extensive 
series of tests by Parrand Kressman, the wetting of the coal increased 
the rate at which oxygen was absorbed. 

7. The oxidation and spontaneous combustion of coal takes 
place in five more or less distinct stages. At first the coal begins 
to absorb oxygen slowly until a temperature of about 120°F. 
is reached. The second stage begins at 120°F. and more rapid 
absorption of oxygen continues until the coal has reached 175 
to 280°F. (80 to 140°C.). The temperature depends upon the 
quality of the coal, on its fineness of division and other factors. 
The third stage begins at this latter temperature and differs 
from the second stage in that CO, and water vapor are given off as 
the absorption of oxygen accelerates. This rapid absorption of 
oxygen and liberation of CO, and water vapor continue to a 
temperature of about 450°F. (230°C.) at which temperature the 
fourth stage begins. In this stage, the oxidation is spontaneous 
(z.e. does not require heat from an external source) and the 
liberation of water vapor and CO, is much more rapid. The fifth 
stage, namely the actual combustion or kindling of coal, takes 
place at about 660°F. (350°C.) The coal then continues to burn 
vigorously as long as air is supplied. 

Tables XXX and XXXI show the kindling temperatures for 
various types of coals as given by Fayol* and Lewes.* The 
temperatures reported by Lewes are considerably higher than 
those reported by Fayol (probably on account of the fineness 
of the coal samples used by Fayol). 
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TABLE XXX 


IqniT1I0oN TEMPERATURES OF PowpDERED FUELS IN Hot AIR 
(After Fayol.) 


a 


Ignition temperature 


Fuel 


Degrees Degrees 
Fahrenheit Centigrade 
Pe ee ee ee 
LACTINL Ome eine amen Pet: me eee eee 302 150 
Gastcoalcte ee ee wee oe eines oes 392 200 
Hardicolang) cosliseenie eee eco 250 
AntOracitekmnen eekeerarre Bee. aes 572 or above 300 or above 


TABLE XXXI 


IGNITION TEMPERATURES OF SOLID FUELS 
(After Lewes.) 


Approximate ignition temperature 


re Degrees Degrees 
Fahrenheit Centigrade 
Cannella Raetae «hie oka eedeeed eee 698 370 
EARS sed iam santtexeo seers crus cee 842 450 
Sean coelsiepasceesyuciekate eee 878 470 


Summary of Information on Spontaneous Combustion.—In 
reviewing the information collected in the various investigations 
of spontaneous combustion, it seems to be fairly definitely 
established: 

1. That the oxidation of the coal itself is the real cause of 
spontaneous combustion and that this oxidation is dependent 
on the fineness of division of the coal; 7z.e., the fines and more 
dusty coals take fire more readily than lump or nut coal. 

2. That this oxidaticn is more rapid and more serious for 
freshly mined coals than for coals which have been weathered. 

3. That the temperature of the coal pile is of great importance 
in determining the rate of this oxidation. 

4, That although the oxidation of pyrites (FeS.) is not a major 
factor in all cases, it often exerts a very definite accelerating 
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action, both from heat liberated and from the increased surface 
area due to splitting of the coal. 

5. Moisture is an aid to pyritic oxidation and it has an addi- 
tional accelerating effect in causing spontaneous combustion of 
the coal itself. 


EFFECTS OF WEATHERING OTHER THAN ON SPONTANEOUS 
COMBUSTION 


The effects of weathering on the properties of coal (other than 
effects on spontaneous combustion) can be most readily discussed 
under the following headings: (1) appearance, (2) size, (3) loss 
in heating value, and (4) firing and coking qualities of weathered 
coal. 

1. Appearance of Weathered Coal.—Some coals on exposure 
become covered with a frost-like surface film of white iron sul- 
fate. According to Parr this is not a sign of deterioration, how- 
ever, since only a portion of the sulfur has been oxidized to the 
white sulfate, and this is dissolved and washed away by rain 
water. It can be seen that the ash content will be lowered 
slightly by this process, but it is only a surface effect, and the 
major portion of the coal is unaffected. 

2. Change in Size on Weathering.—On being stored, coal is 
generally broken up to a certain extent, and, as already shown, 
fineness of division has a distinct bearing on the question of 
spontaneous combustion. This breaking is brought about in 
two ways: (a) by a physical and chemical change due to weather- 
ing, and (b) by mechanical means through handling. Bituminous 
’ coals, on prolonged weathering, break up into small pieces, 
splitting along the cleavage planes. Subbituminous coals and 
the lignites (see Chap. III) check irregularly, breaking up into 
thin plates. This effect extends much further with lignites and 
subbituminous coals (over an equal weathering period) than with 
the higher-rank coals. The effects of reduction in size, whether 
from weathering or mechanical shock during handling, have 
already been discussed under Spontaneous Combustion, and are 
further mentioned under Firing Qualities below. 

3. Loss in Heating Value.—In view of the possible economic 
importance of losses in heating value on weathering, a number of 
tests have been run!!213 to determine the magnitude of this 
effect in practice. The results of these tests may be summarized 


as follows: 
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(a) There is no loss in heat value in the case of anthracites. 
(b) All the coals except anthracite, when freshly mined, 
absorb oxygen and suffer a decrease in heating value per pound, 
the rate of deterioration, however, decreasing rapidly with time 
(see!? Fig. 15). The bituminous coals may lose from 1 to 5 per 
cent in heating value on weathering. The coals of low oxygen 
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Fria. 15.—Decrease in heating value of Illinois coal on weathering. 


content, such as those from West Virginia and Pennsylvania, 
lose from 1 to 3 per cent in five years, the greater part of this 
loss occurring shortly after mining. With increasing oxygen 
content of the coal, the decrease in heating value becomes greater, 
and with the Illinois bituminous coals the losses may amount to 
from 4 to 6 per cent over a five-year period of exposure. In 
almost any case, if the temperature is not allowed to rise above 
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140°F, (60°C.), bituminous coals suffer relatively small deprecia- 
tion in heating value. 

(c) The heating value of subbituminous coals and lignites is usu- 
ally lowered on weathering more than that of bituminous coals. 

(d) A distinction must be drawn between the “loss of heating 
value per pound of coal’’ and the “‘loss per pile.’ That is, the 
oxygen absorption which goes on during ordinary weathering 
(below 120°F. (50°C.)) causes an zncrease in the weight of the 
pile, only small amounts of the coal substance itself being lost 
during the process. The total amount of potential heat in the 
coal pile is, therefore, relatively unaffected, although the heating 
value of a pound of the weathered coal may be distinctly less 
than that of the freshly mined coal (7.e., the absorbed oxygen 
acts as a diluent). 

If, however, the coal is allowed to reach 150°F. (65°C.), 
oxygen absorption, of course, becomes more rapid, and although 
the weight of the coal pile continues to increase, there is a 
considerable evolution of water and COs. If the coal is allowed 
to remain at this temperature for even a few days, there is a 
marked decrease in heating value both per pound and per pile, 
the firing qualities are affected, and there is a serious impairment 
of the coking value of the coal. 

(e) The storage of bituminous coal under water is not to be 
recommended for the sake of preventing loss of heating value. 
The advantage of submergence lies in the absolute prevention of 
spontaneous combustion and preserving the firing qualities. 

4. Firing and Coking Qualities of Weathered Coal.—The 
opinion is prevalent among a great many practical men that 
weathered coal is inferior in its firing quality. This is due to 
a considerable extent to the slacking and breaking that takes 
place, the resulting fine coal requiring a greater draft than is 
necessary with an unweathered coal. Although it is possible," 
by firing in a thinner fuel bed and by maintaining the necessary 
higher draft, to burn weathered coal with the same efficiencies 
as fresh coal, the weathered coal fire requires greater attention. 
As pointed out by Beagle,!® the high-oxygen, middle west coals 
do not ignite so readily after weathering, and under ordinary 
firing conditions* it is not uncommon to find a 10 per cent 
decrease in actual plant efficiency due to the inferior firing 
qualities of these coals after weathering. With the higher-grade 


* Tn this case on chain-grate stokers. 
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coals from the eastern part of the United States this condition 
is far less serious. 

The coking qualities of many coals are seriously affected by 
weathering and only a small amount of exposure may cause the 
resultant coke to have a distinctly weakened structure. It 
seems probable that the bonding material of the coke (present 
only in small amounts) is oxidized and thus but little weathering 
is required to give a poor coke. From six to eight months’ 
weathering may be very serious as regards coking quality, and 
it is practically impossible to obtain a good coke from coal which 
has been stored in the open for over two years. 

Summary of Weathering Effects Other Than Spontaneous 
Combustion.—In conclusion, it may be said that the deteriora- 
tion, from weathering, in size, heating value, and coking qualities 
increases with the original oxygen content of the coal. There 
is no loss in the heating value of anthracite and very little with 
the low-oxygen bituminous coals. The losses increase, however, 
with the subbituminous coals and lignites. Losses in heating 
value and coking characteristics become serious if the coal 
temperature is allowed to reach 150°F. (65°C.) over any consid- 
erable period. It is more difficult to reach the same efficiency 
with weathered western coals than with unweathered or freshly 
mined coal. It is unnecessary to store high-grade bituminous 
coals under water to prevent loss in heating value from weather- 
ing; the chief advantage of this type of storage is the absolute 
prevention of spontaneous combustion. 


PRECAUTIONS IN STORING COAL 


It is clearly recognized that the storage of coal by both pro- 
ducer and consumer is to the best economic advantage of all 
concerned. ‘The major reasons for storing coal have been out- 
lined by H. H. Stoek'* somewhat as follows: (1) to assure the 
consumer of an adequate supply of fuel at all times, thus protect- 
ing him against strikes and uncertain railroad deliveries; (2) to 
take advantage of low freight rates, or of low prices for coal at 
certain seasons of the year; (3) to permit the railroads* to utilize 


*Industry has lost far more through transportation delays resulting 
from the overlapping of the coal movement with the late fall and early 
winter shipment of other commodities than it has through fluctuation 
of coal prices themselves. 
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their cars and equipment to the best advantage; and (4) to main- 
tain a uniform rate of production* at the mines. 

For devising any system of storage there are four main rules, 
based on the causes for spontaneous combustion as Breiodsly 
outlined. These are: 

1. Keep down the temperature and dissipate any heat that 
may be formed. 

2. Prevent oxygen from getting at the coal, or, if this is impos- 
sible, allow such free access of air that it will carry away any 
heat generated. 

3. Keep the amount of surface exposed as small as possible. 

4. Avoid the possible catalytic effect of moisture. 

A number of specific precautions to be observed in storing 
coal, based on the four general rules given above, are as 
follows:9:13:16,17,19 

1. Pile so that lumps and the fine coal are distributed as evenly 
as possible. Do not allow lumps to roll to the bottom, forming 
air passages. It is a good plan to build the coal pile in 2- to 3- 
ft. layers, leveling with scrapers after each layer has been deposited 
in order to prevent segregation of coarse and fine coal. 

2. If possible, store only screened nut coal. ‘In any event, 
keep out dust as much as possible and reduce handling to a 
minimum. 

3. Provided air is either excluded or allowed circulation free 
enough to dissipate any heat generated, coal may be piled, 
theoretically, to any desired height without danger. In practice, 
however, to minimize danger due to careless piling, it is advisable 
to pile the coal to moderate heights only (12 to 15 ft.). By 
observing this precaution it becomes possible to move quickly 
and to consume any section of the pile that shows a tendency to 
heat. 

4. Any temperature rise is dangerous. ‘Therefore: 

(a) Do not pile coal in very hot weather, 

(b) Do not store near any external sources of heat, such as 
steam pipes, ete. 

(c) Inspect the pile regularly. A temperature of 150°F. 
(65°C.) represents the danger point for many coals. 


* Seasonal demand is responsible for 47 per cent of the idle time of the coal 
industry, and is responsible to a large extent for the overdevelopment of 
mine capacity; coal production capacity in the United States is now twice 
as great as consumption capacity.® 
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5. Since green coal oxidizes rapidly, allow at least six weeks’ 


seasoning before final storing. 
6. Avoid air leakage to the pile through interstices around for- 
eign objects (such as posts, brickwork, etc.), or through porous 
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Fira. 16.—Correct method of stacking coal. Lumps and fine coal well mixed 
and leveled off in 2-ft. layers. 


Fie. 17.—Correct method of dumping coal. Lumps and fine coal evenly mixed. 


Fie. 18.—Incorrect method of stacking coal. Lumps and fine coal allowed 
to segregate. Figures 16, 17 and 18 are (from J. B. C. Kershaw, ‘Fuel Economy 
and Smoke Prevention,” courtesy of Constable & Company, Ltd., London.) 


bottoms, such as coarse cinders. The practice of ventilating with 
pipes may cause local overheating and often does more harm 
than good. 

7. Avoid alternate wetting and drying of the coal, as this may 
speed up pyritic oxidation. 


METHODS OF STORING COAL 


By far the greater proportion of coal is stored on land, with 
access to the air. In this type of storage it is evident that there 
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should be no segregation of coarse and fine material, as this may 
cause unequal ventilation and local overheating. Diagrams of 
correct and incorrect methods of storing!® are shown in Figs. 16, 
17, and 18. In open storage of this kind it is highly important 
either to level off each layer with a scraper, or, if the coal is put on 
the pile from a clam shell, to lower the clam shell to the surface of 
the pile before discharging the contents. 

In recent years a number of installations have featured either 
underwater storage or storage on land with more or less complete 
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Fic. 20.—Coal-storage silos of the Cos Cob power station. (Courtesy of the 
New York, New Haven & Hartford R. R.) 


exclusion of air. On removal from an underwater storage pit, 
coal does not retain enough moisture to affect seriously its firing 
or other qualities. The submerged-storage system of the Du- 
quesne Light Company of Pittsburgh is shown in Fig. 19. This 
basin has a capacity of 100,000 tons when the coal is completely 
submerged and 150,000 tons when it is piled up. 

An interesting type of storage that seems to be gaining in favor 
is a tall concrete bin or silo, such ‘as those of the Cos Cob Power 
Station of the New York, New Haven and Hartford R.R. The 
Cos Cob installation is shown in Fig. 20. These silos are 
about 40 ft. in diameter and about 50 ft. high, the coal being 
raised to the top by conveyors ‘The bins are roofed and air is 
fairly well excluded, so that danger from spontaneous combustion 
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is at a minimum. The silos are equipped, however, with pipes 
for the introduction of water or steam to smother any fires that 
might occur. 
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CHAPTER V 
COAL RESOURCES AND COAL PRODUCTION 


Of the world’s total available supply of solid fuel, which is 
estimated at about 8,150,000 million short tons, only about 60 
per cent is composed of the high-grade coals. The supply of 
anthracite is small (less than 7 per cent of the total) and the 
seams easiest to mine will soon be exhausted. The remainder 
of the solid fuels, the bituminous coals, and the low-grade 
subbituminous coals and lignites, make up more than 90 per 
cent of the total. At the present time the more valuable bitu- 
minous coals are mined far more than the subbituminous and 
lignitic coals, but with the exhaustion of the best of our bitu- 
minous seams the low-grade fuels in the future will become 
exceedingly important. 

COAL RESOURCES 


Resources by Continents.—The coal resources* of the world 
by continents, according to the most complete and reliable 
estimates! available, are shown in Fig. 21. 

The main features to be noted in the figure are the large coal 
reserves in America (69 per cent of the world’s available supply) 
and the anthracite in Asia (practically all in China). Although 
it is probable that some of the coal in China has been classified 
as anthracite, when in reality it is semi-anthracite or semi- 
bituminous, the anthracite resources of that country nevertheless 
surpass the reserves of this type of coal in all other countries 
combined. 

Resources of America.—The distribution of coalf in America! 
is shown in Fig. 22. The figure shows the large amount of valu- 

* Unless otherwise noted the figures in diagrams of coal resources are 
estimates of all seams 1 ft. and over in thickness, less than 4000 ft. below 


the surface; seams 2 ft. and over in thickness, between 4000 and 6000 ft. 
deep, are also included. 

+ Owing to the meager data obtainable on the amounts of the different 
varieties of coal which go to make up South America’s 35,285 million tons, 
only the total estimate is given, which shows up in the grand total, but for 
obvious reasons does not appear in the total estimated resources of anthra- 
cite, bituminous, etc. 
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able bituminous. and subbituminous coal in the United States 
(52 per cent of the world’s supply and 75 per cent of the resources 
in America) and the fairly large reserves of these two coals in 


099,504 


Sub- Bituminous 


LLL AL Liza, And Lignite 
COTM Bi tursrous 


Anthracite and 


CT Semi-Anthracite 


4,848 


Africa 


Oceania 


North and South Asia 
America 
61.5 26,4 07 


9.5 
Per Cent of Total 


Fria. 21.—Coal resources of the world, by continents. 
of net tons. 


Figures are in millions 


Canada. Mexico is thought to have considerable coal reserves, 
but the actual amounts are largely a matter of conjecture, since 
very little field work has been done. It is remarkable that 
South America has such small known supplies of coal, the esti- 
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mated total, including all the coals from lignite to anthracites, 
being only 0.6 per cent of the world’s supply. 

Resources of the United States.—For convenience in describing 
coal areas, the U. 8. Geological Survey? recognizes four classes, 
which, in ascending order of magnitude, are known as district, 
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Fie. 22.—Coal resources of America. Figures are in millions of net tons. 


field, region, and province. A coal district (usually named from 
the leading town) is generally small and the term is applied only 
to developed coal areas. A coal field is next larger than a 
“district,” but still signifies a fairly compact area. Examples 
are the New River field and Pocahontas field of West Virginia, 
and the Windber field in Pennsylvania. Coal fields are grouped 
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together into the larger “coal regions,” as, for example, in the 
anthracite region in Pennsylvania. The largest division in 
classifying coal areas is called a ‘‘coal province.” Six of these coal 
provinces have been recognized in the United States, and their 
principal characteristics are given in the following paragraphs. 

1. The Eastern Province* contains probably nine-tenths of 
the high-rank coal of the country and includes (a) the anthracite 
regions of Pennsylvania and Rhode Island; (b) the Atlantic 
Coast region, which takes in the fields of Virginia and North 
Carolina; and (c) the Appalachian region, which extends from 
northern Pennsylvania into Alabama, and includes parts of Ohio, 
Maryland, Virginia, West Virginia, Kentucky, Tennessee, and. 
Georgia. 

The Rhode Island and Massachusetts anthracite region, 
although mined intermittently, thus far has been of little com- 
mercial importance, since the coals were subjected to such high 
thrust pressures (this high pressure also creating a somewhat 
higher than normal temperature) during coal formation (see 
Chap. II) that many of them were transformed into graphite. 
The coal is usually of high ash content, much of it in excess of 
25 per cent. This ash is quite uniformly and intimately dis- 
tributed through the coal, and therefore cannot be washed out 
by crushing, sizing, and hydraulic classification. Due to the 
excessive movements of the earth during formation, this coal 
is largely broken and appears on the market in small sizes 
only. 

The Pennsylvania anthracite region in the eastern part of 
the state produces over 99 per cent of the anthracite mined in the 
United States and contains 91 per cent of America’s anthracite 
supply. This region contains most of the finest available 
anthracite in the world. 

The Appalachian region contains a large proportion of the 
high-rank coals of the United States, and the development of 
this coal supply has made possible the concentration of the 


*For both proximate and ultimate analyses of coals from mines not 
referred to in the table at the end of Chap. III, see reference 3 in Bibliog- 
raphy. In addition to giving proximate and partial ultimate analyses of 
practically all the seams mined in the United States, the “Coal Catalog’’* 
gives (1) a list of dealers supplying the different coals, (2) a list of seams 
producing coal suitable for each industrial use, and (3) maps showing the 
various mining districts of the individual states. 
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steel industry and other manufacturing enterprises in the eastern 
part of the United States. The map,° Fig. 23, clearly shows the 
distribution of coal in this and the other coal provinces and 
indicates the contours of the Appalachian region. 

In general, the coal is semi-bituminous or bituminous, consider- 
able variation being found even in the same bed. ‘The percentage 
of fixed carbon usually decreases from east to west, away from the 
point of greatest thrust pressure, and, as pointed out in Chap. 
II (Fig. 5), the semi-bituminous coals in the eastern part gradu- 
ally change to bituminous toward the western margin of the 
region. In West Virginia are found some of the highest-grade 
coals of the world (New River and Pocahontas fields). These 
coals have a very high heating value, and the low content of 
volatile matter (about 19 to 21 per cent) makes them extremely 
satisfactory for hand-fired and Scotch marine types of boilers 
and, in general, wherever steam is to be raised with the production 
of relatively small quantities of smoke. These coals are used 
extensively as a domestic fuel. 

North of these fields, in eastern Pennsylvania (Clearfield, 
Cambria, and Somerset counties), lie other low-volatile, high- 
grade steaming coals, while immediately to the west (Jefferson, 
Indiana, and Westmoreland counties) lie large beds of medium- 
(28 to 35 per cent) volatile coals. The ash from the low-volatile 
eastern Pennsylvania coals has a higher fusing point than the © 
low-volatile West Virginia coals, an important point if the coal 
is to be used in underfeed types of stokers (see Chap. XIV). 
In between the West Virginia and eastern Pennsylvania fields 
of low-volatile coals lies the famous Georges Creek field (Alle- 
gany and Carrett counties, Maryland, and the northern part of 
Mineral, Grant, and Tucker counties, West Virginia). These 
coals have 14 to 20 per cent volatile matter and a low percentage 
of sulfur and ash. The ash in coals from this district has a 
very high fusion point (class A, fusion point above 2600°F.). 

West Virginia (Kanawha district), Pennsylvania (Irwin gas 
coal district, Westmoreland County), and Ohio furnish good 
high-volatile coals suitable for the manufacture of city gas. 

Very satisfactory gas-producer coals are found in Ohio and 
eastern Kentucky. 

In western Pennsylvania, around Pittsburgh, are found the 
very highest-grade coking coals, suitable for producing hard, 
dense, blast-furnace coke from either beehive or by-product 
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coke ovens. The Connellsville district, famous for being the 
birthplace of the coke industry, lies to the southeast of Pittsburgh, 
Pa. 

Proximate and ultimate analyses of representative coals from 
the principal fields of all the provinces are shown in Table XXIX 
at the end of Chap. III. 

2. The Interior Province includes: (a) the Northern region, 
containing the Michigan coal fields; (b) the Eastern region, 
containing the Illinois, Indiana, and western Kentucky fields; 
(c) the Weste n region, containing the coal fields in Iowa, Mis- 
souri, Nebraska, Kansas, Arkansas, and Oklahoma; and (d) the 
Southwestern region of Texas. 

In general, the coals of this province were not subjected to 
very high thrust pressure and in consequence they are ordinarily 
of lower fixed-carbon and higher-volatile matter than those in 
the Eastern Province. In the Western region, however, in 
Arkansas, there are areas where mountains rose, and the pressure 
thus developed transformed the coals to semi-anthracites. This 
province contains considerable quantities of bituminous coals 
characterized by their high moisture content, and, in spite of 
their inferiority to the high-grade coals in the Appalachian 
region, the development of these fuel resources has done much 
to make possible the industries centered at Chicago, St. Louis, 
Kansas City, ete. A suitable grade of blast-furnace coke may be 
made by mixing Illinois coal with low-volatile Appalachian coals 
and by the use of specially designed coke ovens. 

In general, the coals in this field contain a high percentage of 
sulfur, are non-coking, and burn with a very smoky flame. 

The main contours of the province are shown in Fig. 23. 

3. The Gulf Province includes (a) the Mississippian region, 
which embraces the coal fields of Louisiana, Mississippi, and 
Alabama; and (b) the Southwestern region, which takes in certain 
of the Arkansas and Texas fields. 

The coals in this province are mainly lignites and have been 
mined only to a slight extent. Just as in the Interior Province, 
there were no big disturbances of the earth crust in the Gulf 
Province, and the relatively low thrust pressures developed gave 
only the low-grade coals. 

4. The Northern Great Plains Province includes the coal fields 
in the Great Plains east of the Front Range of the Rocky Moun- 
tains. These are (a) the Fort Union region, with the north- 
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eastern Wyoming field and the lignite fields in the Dakotas and 
eastern Wyoming; (b) the Black Hills region in Wyoming; 
(c) the Judith Basin and the Assiniboine regions of Montana : 
(d) the Denver region in Colorado; and (e) the Raton Mesa 
region of Colorado and New Mexico. 

In the eastern part of the Northern Great Plains Province, 
the coals are mostly lignites. On approaching the mountains 
in the western part, the earth crust disturbances were somewhat 
greater, and some of the resultant coals are subbituminous or 
even higher grade. In North and South Dakota and in north- 
eastern Montana the coals are practically all lignites with high 
water contents (40 to 50 per cent), but to the south, around 
Sheridan, Wyo., a fair grade of subbituminous coal (20 to 25 
per cent moisture) is mined in considerable quantities. The 
Raton Mesa region contains the highest-grade coal in the province, 
and coke made from it is extensively used in the metallurgical 
industries located in the Rocky Mountain Province. 

5. The Rocky Mountain Province includes (a) the Yellowstone 
region of Montana; (b) the Big Horn, Hams Fork, and Green 
River regions in Wyoming; (c) the Uinta region of Utah and 
Colorado; (d) the San Juan River region of Colorado and New 
Mexico; and (e) the southwestern Utah region. 

This province contains coal of all grades from anthracite to 
lignite, depending mainly on the degree of thrust pressure 
developed during coal formation. The major part of the resources 
are subbituminous and bituminous, and these coals are quite 
extensively mined. The main centers of production are Rock 
Springs and Kemmerer, Wyo.; Red Lodge, Mont.; Crested 
Butte and Durango, Colo.; Castlegate and Sunnyside, Utah; 
and Gallup, N. M. 

6. The Pacific Coast Province includes the coal fields in Cali- 
fornia, Oregon, and Washington. The main reserves are in 
Washington, though small deposits of low-grade fuels are found 
in both Oregon and California. In Washington, at the points 
of greatest earth crust disturbance, bituminous and even anthra- 
cite coals have been formed. Considerable mining has been 
done in King County, not only of the high-grade coals near the 
mountains, but also in certain subbituminous beds which are 
valuable on account of their nearness to tidewater. Bituminous 
and higher-grade coals have been mined in Pierce and Kittitas 
counties. Most of the coal is used locally. 
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The following figure* (Fig. 24), adapted from a table prepared 
by Campbell} for the Twelfth International Geological Congress, 
shows the estimated coal resources in the six provinces. 

Coal Resources of Alaska.—Very little field work has been 
done on the Alaskan coal deposits and only a rough estimate 
can be given as to the amounts of coal available. The total 
reserves have been estimated to be about 21,600 million short 
tons. The coals are mainly lignites and subbituminous, although 
about 2000 million short tons of anthracite and semi-anthracite 
are believed to be located in the Pacific Coast region. 


- 
KeeeoeX 


ZZ 


0) 
4 


SS Lignite 

Sub- Bituminous 
MUM) Biturinous 
5D Semi- Bituminous 
Css Anthracite and 


Semi-Anthracite 


<> 
56 
oe 


2 
osees 
oS 
sasets 
oS 
S06 
OK, 


x 


; 


4 


SAN 


7} y 

ag MHI asset ide 

Eastern Interior Gulf Northern Rocky Mts. Pacific Coast 
Great Plain 


Fia. 24.—Coal resources of the United States. Figures are in millions of net tons. 


Coal Resources of Canada.—Practically all the Canadian 
coal deposits are located in the extreme eastern and extreme 
western parts of the Dominion. The central portion of the 
country has very little coal, so that the manufacturing enter- 
prises located in the provinces of Ontario and Quebec are forced 
to depend on coal imported from the United States. Nova 
Scotia in the east and Alberta and British Columbia in the west 


* The estimate includes all seams more than 14 in. thick, less than 3000 ft. 
below the surface. 


} The reader is referred to Bibliography, references 1 and 6, for a more 
complete and detailed exposition of the coal resources of the United States, 
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have quite large deposits of high-grade coal, and considerable 
quantities of subbituminous coal and lignite are located in 
Alberta and Saskatchewan. The estimated coal resources* 
of the provinces are given in Fig. 25, which is adapted from that 
prepared by Dowling for the Twelfth International Geological 
Congress. 

Coal Resources of Mexico, Central and South America.—The 
coal resources of Mexico have not been developed to any great 
extent and but little is known of them, except in the few instances 
where coal seams are worked by American or other outside 
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Fia. 25.—Coal resources of Canada. Figures are in millions of net tons. 


companies in conjunction with various mining ventures. Bitumi- 
nous coking coals are found in a few districts and a number of 
coke ovens have been installed. 

In Central America, only two countries report coal. These 
are Honduras and Panama, and although the deposits in Honduras 
are said to contain about 1,000,000 tons of bituminous coal and 
4,000,000 tons of lignite, the coal has never been mined. 

The total estimated coal reserves of South America have been 
placed at 35,285 million short tons, representing only 0.6 per cent 
of the world’s supply. The following countries report coal: 


* The estimate includes all seams more than 1 ft. thick, less than 4000 ft. 
below the surface. 
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Colombia, Venezuela, Ecuador, Peru, Bolivia, Argentina, 
Brazil, and Chile.6 The coals vary from lignites to anthracites, 
but very little mining is done, and unless readily accessible 
large deposits are discovered, South America cannot become a 
major factor industrially. 

Coal Resources of Europe.*—Europe is fairly well supplied 
with high-grade coal, though the reserves represent only about 
15 per cent of the amount of coal in America. The relatively 
accessible coal resources of Europe occurring in seams more than 
1 ft. thick at not more than 4000 ft. below the surface are esti- 
mated at about 600,000 million short tons. 

Germany’s coal reserves are mainly bitumincus and lignitic, 
and this is a major factor in determining the industrial future 
of the country. During the war the Germans were in possession 
of the most productive mines of Russia and most of the coal 
fields in northern France. After the armistice this occupation 
was, of course, ended and the treaty of peace gave France the 
coal fields formerly owned by Germany in the Saar Basin, esti- 
mated to contain about 18,200 million short tons of coal in seams 
more than 1 ft. in thickness, less than 4000 ft. from the surface. 
This new addition to France’s coal resources will have 
an important bearing on her future industrial development. 
Losing the war also cost Germany the important coal fields of 
Upper Silesia, which have been ceded to Poland. Thus, although 
Germany before the war controlled about 40 per cent of the 
European coal reserves, after the peace treaty’ her reserves 
are less than 30 per cent of the European total. 

Great Britain possesses quite large supplies of the higher- 
grade coals (slightly over 30 per cent of the European coal 
resources), the most important reserves being bituminous, semi- 
bituminous, and anthracites. The other countries, with the 
exception of Poland and Russia, are deficient in coal reserves 
of sufficient magnitude to permit of free industrial development, 
and in the future they will have to depend on imports to an 
increasing extent. 

Coal Resources of Asia.—Little accurate information has been 
obtained with regard to the coal reserves underlying large 
areas in Asia, and the reported figures give only an approximation 
of the resources of the continent. By far the largest reserves 


* Information on European coal resources is at present very incomplete. 
This is largely due to the changed situation following the war. 
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are found in China (estimated at over 1,000,000 million short 
tons, of which over 400,000 million tons are reported as anthracite 
and semi-anthracite). The Chinese coals, in addition to the 
supplies of anthracite, include considerable quantities of coking 
coals of good quality. The reserves in Japan are very small 
(only 8,800 million tons in total), and it is probable that in the 
future the Japanese will try to control considerable quantities 
of the coal found on the mainland in order to make possible their 
own industrial development. 

Resources of Africa and Oceania.—The coal resources of 
Africa have been estimated at 63,755 million short tons, the main 
coal fields being located in the southern part of the continent. 
Little field work has been done, however, and it is probable that 
there are other deposits, as yet undiscovered. 

In Oceania, which includes Australia, New Zealand, and Tas- 
mania, there are considerable deposits of high-grade coal, most 
of which is located in Australia. The latter country is supposed 
to have about 182,160 million short tons of coal, most of which is 
bituminous, and has the largest known coal seams in the world. 
Two of these are reported® to be 266 and 227 ft. thick, respectively. 
According to the estimates on the rate of coal deposition given in 
Chap. II, it would have taken over 80,000 years to form the 
vegetal matter to produce a coal seam of this thickness. 


COAL PRODUCTION 


The world’s coal production and the production of the principal 
coal-producing countries of the world’? from 1919 to 1922 are 
shown in Fig. 26, the data for 1912 being included to indicate 
prewar conditions. The figure shows the large amount of coal 
produced by the United States, from 35 to 45 per cent of the 
entire production of the world. Great Britain and the British 
Empire are the next largest producers, averaging 20 to 25 per 
cent of the total, the readily accessible nature of a large amount of 
her coal having made possible her present industrial develop- 
ment. Germany, which before the war controlled greater coal 
reserves than Great Britain, produces about 20 per cent of the 
total. The other countries range from 2.5 per cent downwards, 
and their combined output is in the neighborhood of 15 per cent 
of the total. 

Anthracite.—The production and value (at the mine) of the 
anthracite mined in the United States! from 1918 to 1922 is 
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given in Fig. 27. The data include about 99 per cent of all the 
anthracite mined, and, as is shown below, this represents about 
one-fifth the tonnage and about one-third the value of the bitu- 
minous coal mined in the United States. It should also be 
borne in mind that only about 5 to 7 per cent of the world’s 
future supply of solid fuel is anthracite (mostly in Asia) and that 
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Fria. 26.—World’s coal production from 1919 to 1922. Figures are in millions 
of net tons. 


the best seams of this coal in the United States will be exhausted 
comparatively soon. 

Bituminous Coal.—Bituminous coal, the premier fuel for 
industrial purposes, represents about 53 per cent of the world‘s 
future reserves of solid fuel and about 50 per cent of the future 
supply is in the United States. The world’s production has 
already been given in Fig. 26, and Fig. 28 is included" to give 
the production of bituminous coal and its value in the United 
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States. It is interesting to note that the total value of the 
materials produced by the coal-mining and its associated indus- 
tries (coke, by-products, briquets, etc.) is about 40 per cent of 
the value of the entire mineral output of the country. 
Lignite.—About one-half of the world’s reserve of solid fuel 
is lignite, and while there is practically no production of this 
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Fig. 27.—Production and value of anthracite coal mined in the United States 
from 1918 to 1922. 


fuel in the United States at present, it will become exceedingly 
important in the future. The large amounts of lignite produced 
in Germany and Czecho-Slovakia are shown in Fig. 29, the Ger- 
man production being about one-fourth of the total bituminous 
coal production of the United States. ag 
Peat.— Although peat is one of our big fuel reserves and it Is 
destined to become important on the exhaustion of our more 
readily accessible coal seams, it is relatively unimportant com- 
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Fig. 28.—Production and value of bituminous coal mined in the United States 
from 1918 to 1922. 
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mercially at present and its consumption in the United States 
is very low. The following table gives production figures for 
1917 to 1922: 

TABLE XXXII 


Prat PropvuctTIoN IN THE Unrrep Srarus, 1917-1922 
ne a ee ee ee ee 


Year Short tons Value 
ON reese Seen ae NEN Ap) Ao | 97 ,000 $ 710,000 
LOIS See eee Oh, Se ae bc 107 , 000 1,050, 000 
(NON MO) stat Oe i aS ee neces 69 , 000 710,000 
(OPT 0 he at bai ee a a 73,000 920,000 
ao aes Oe eka ee ae i 30, 000 260 , 000 
De ane a Ae, SES oe ee 61,000 400 , 000 


Coal Production in the United States, by States.—The pro- 
duction and value of coal produced in the main coal areas of 
the United States has a great bearing on our choice of fuels and 
location of commercial enterprises. Although over half of all 
the states mine some coal, over 60 per cent of our total production 
comes from the three states, Pennsylvania, West Virginia, and 
Ulinois. The following table shows the percentages of the 
total bituminous output which were mined in the principal 
coal-producing states from 1920 to 1922. 


TABLE XXXIII 
Bituminous Coat PropucTIoN IN THE Unrrep Sratss, 1920-1922 By 


STATES 
Per cent of total 
State 

1920 1921 1922 
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Since the mines of West Virginia and Kentucky are largely 
worked by non-union labor, the change in their percentage is 
of considerable interest. 


COAL CONSUMPTION 


At the present time coal serves three purposes: It is used in 
the production of power, as a source of domestic heat, and as 
the raw material for coal products. The coal utilized in the 
production of power for industrial purposes is about equally 
divided between general manufacturing purposes and the rail- 
roads, these two uses consuming about 60 per cent of the total. 
The production of coke and gas manufacture consume another 
15 per cent, while domestic heating uses about 17 per cent. That 
is, the industrial coal consumption is about five times that of the 
domestic requirements, and, in consequence, the industrial 
consumer, by virtue of larger buying capacity, forces the domestic 
user to bear the brunt of high prices. 

Figure 30, adapted from data given by the U. 8. Geological 
Survey,® shows that about 90 per cent of the coal produced is 
consumed by the four purposes of general manufacturing, 
railroads, domestic heating, and production of coke. 


BIBLIOGRAPHY 


1. “Coal Resources of the World,’ Twelfth International Geological 
Congress, Morang & Co. 

2. M. R. Campseti, Bacon and Hamor: in “American Fuels.”’ MeGraw- 
Hill Book Co., Ine. (1922). 

3. U. S. Bur. Mines, Bulls. 22 (1912); 85 (1914); 123 (1918); 193 (1922); 
and Prof. Paper 100-A. 

4. “The Coal Catalog,” Keystone Consolidated Publishing Co., Pitts- 
burgh, Pa. 

5. “World Atlas of Commercial Geology,” U. 8. Geol. Survey (1921). 

6. E. 8S. Moors, ‘Coal,’ John Wiley & Sons (1922). 

7. Miniera Ital., 6, 254 (1922). 

8. Spurr: ‘Political and Commercial Geology,’”’ MeGraw-Hill Book Co., 
Ine. (1920). 

9. Federal Reserve Bull., 8 (1922), 1308. 

10. Mineral Industry, 312, McGraw-Hill Book Co., Inc. (1922). 

11. “Mineral Resources of the United States in 1922,” U. 8. Geol. Survey 
(1923). 

12. Nat. Coal Mining News, Dec. 19 (1923). 


CHAPTER VI 
PETROLEUM 


Petroleum is of particular importance to society. It furnishes 
gasoline, by far the most important motor fuel, and yields the 
lubricants so essential to industry. It provides the fuel oil now 
so widely used in the production of heat, steam, and power, and 
the gas oil used in producing manufactured gas. It is the source 
of the kerosene used for lighting purposes outside the cities and 
for domestic heating, and serves as the raw material for an oil 
by-products industry which offers great possibilities for future 
development. Of necessity, the treatment of such a broad sub- 
ject in a work of this kind is relatively narrow in scope and will 
include a brief summary of the characteristics of petroleum, its 
origin and geology, and the types of oil most commonly used as 
fuel. A resumé of the statistics of petroleum production and 
distribution has been included in order to show the probable 
future trend of the industry. Natural gas, similar in origin and so 
often occurring with petroleum, is discussed in the next chapter. 
Chapter XVI, on the combustion of liquid fuels, discusses in 
detail the advantages and disadvantages of petroleum as a fuel. 

The Composition of Petroleum.—Crude petroleum is defined! 
as “‘a naturally occurring mixture, consisting predominantly of 
hydrocarbons, or of sulfur, nitrogen, or oxygen derivatives of 
hydrocarbons, which is removed from the earth in liquid state 
or is capable of being so removed.”’ The crude petroleum falls 
into three main classes: The first yields on distillation a residue 
consisting mainly of paraffin wax and is known as a paraffin 
base crude. The second leaves a black, lustrous residue of 
asphalt, and is known as an asphalt-base crude. The third, 
leaving both asphalt and paraffin as a residue, is known as a 
mixed-base crude. 

The hydrocarbons in petroleum all belong to a number of 
regular families of compounds of the following types. * 


* For a detailed exposition of the various hydrocarbons and hydrocarbon 


derivaties found in petroleum, the reader is referred to Bibliography, 
references 2, 3, and 4. 
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Members of all these series have been isolated from petroleums, 
as, for example, the gaseous methane (CH,) and the solid paraffin 
CzoHe2, both of which are members of the series C,Hen2. 
In addition to these hydrocarbons there are often found small 
quantities of oxidized bodies, present either as complex acids 
or phenols. 

Nearly all crude petroleums contain nitrogen and sulfur. The 
nitrogen may vary from only a trace up to 1 per cent and over, 
and is practically always present in the form of complex organic 
bases. These compounds are particularly abundant in the Cali- 
fornia petroleums, and in a number of cases they represent from 
10 to 20 per cent of the crude. Sulfur, though rarely absent, 
is usually present in only small amounts. In oil from the Lima- 
Indiana district, however, sulfur compounds occurring as 
sulfides of the paraffin series are present in such amounts as to 
necessitate special methods of refining. Crystalline sulfur also 
has been separated from a number of crude petroleums. 

The ultimate analysis of a number of petroleums is given in 
the following table :* 

TABLE XXXV 
ANALYSIS OF REPRESENTATIVE PETROLEUMS 
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Origin of Petroleum.—The question of the origin of petroleum 
has been discussed even more than that of the origin of coal. 
Numerous theories have been advanced and controversy is still 
active.* These theories may be divided into (1) the inorganic 
theories, which consider that the formation of petroleum took 
place without the aid of living organisms; and (2) the organic 
theories, which postulate that living organisms, such as bacteria, 
decomposing vegetal matter, or animal matter, were essential 
to petroleum formation. A few of the more important theories 
are discussed below. 

Inorganic Theories—Of the inorganic theories of petroleum 
formation, that of Mendeleéf has probably received the most 
attention. It presupposed the existence of iron or other heavy 
metal carbides in the interior of the earth, to which subterranean 
waters gain access, forming hydrocarbons. The theory was 
experimentally supported by a number of researches which 
demonstrated that hydrocarbons similar to petroleum can be 
formed by the action of water on carbides. It has never been 
proved, however, that such carbides existed in the earth, and it 
is improbable that large quantities of petroleum could have 
been formed in such a way. Quite recently, Franz Fischer has 
pointed out, and has shown experimentally, the possibility of 
forming petroleum hydrocarbons from hydrogen and carbon 
monoxide of voleanic origin. 

Organic Theories —It is quite certain that hydrocarbons 
similar to natural gas and petroleum may be derived from either 
animal or vegetal matter or both,?* and this has led to the two 
main types of organic theories: (a) theories of vegetal origin, 
and (b) theories of animal origin. 

(a) Theories of Vegetal Origin.—One of the most plausible 
theories is that petroleum has been formed by the decomposition 
of immense quantities of gelatinous algae or marine vegetation. 
These two types of vegetal matter contain little or no cellulosic 
material, and when they decompose, they form gas (mainly CH,4) 
and oil which, if formed on sandy soil, is carried away by gravity 
or by water. If, on the other hand, this material decayed in a 
peat bog, coal of the cannel or boghead type (see Chaps. II and 
III) would result. Considerable evidence, such as the formation 
of petroleum at the present time by the decomposition of sea- 


* For a summary and critical resumé of the various theories see Bibliog- 
raphy, reference 2. 


¢ PETROLEUM 107 


weed in sand, has been advanced in favor of the concept of 
vegetal origin. 

(6) Theories of Animal Origin—Several theories have been 
advanced which consider that petroleum has resulted from the 
decay of immense quantities of marine animals, such as fish, 
mollusks, corals, ete. Such material contains high percentages 
of nitrogen, and the nitrogen bases of a number of oils (California, 
in particular) furnish strong evidence of such formation. Fur- 
thermore, most oils occur in association with brines which have 
a composition indicative of marine origin. 

In general, it may be said that the evidence is in favor of the 
organic origin of petroleum, and that any organic substance 
which is enclosed between sediments may be a source of petro- 
leum. When the resultant petroleum is rich in nitrogen, animal 
matter was probably the initial material; otherwise, the petroleum 
most probably was of vegetal origin. 

Method of Formation from Organic Matter.—The transformation 
of organic material into petroleum is considered to have taken 
place as follows: 

1. The accumulation of the organic matter in clays and sands 
under water along seacoasts or in lakes. 

2. The burial of the accumulated material by sediments, which 
protected it against excessive oxidation. 

3. The action of pressure and heat, which brought about a 
semi-destructive distillation of the organic matter, resulting in 
the formation of petroleum. 

The chemical characteristics of the process have been outlined 
by Engler® somewhat as follows: (1) Putrefaction or fermentation, 
eliminating albumen, cellulose, etc., leaving fatty material, 
waxes, ete. (2) Saponification of the glycerides and production 
of free fatty acids. The residues from certain crude petroleums 
are probably due to the incompleteness of these actions. (3) 
Elimination of carbon dioxide, leaving hydrocarbons of high 
molecular weight containing oxycompounds. (4) Formation of 
liquid hydrocarbons with violent reaction, and cracking (forma- 
tion of light or gaseous products). 

The Geology of Petroleum.—Petroleum is widely distributed 
and occurs in commercial quantities in sedimentary rocks. 
The general requisites for the occurrence of petroleum in commer- 
cial quantities are:® (1) porous rock to contain the oil, (2) an 
impervious cover to prevent it from escaping, (3) geological 
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structure which permits the oil from a wide area to collect in 
a restricted area, and (4) a source from which the petroleum may 
have been formed. 

Usually associated with natural gas or water (or both) the 
petroleum fills the voids in the porous rock, which is almost 
always sandstone or limestone. The oil is not usually found 
where it was formed, its accumulation at a given spot being due 
to one or more of the following factors: 

1. Due to differences in specific gravities of the water, petro- 
leum, and natural gas, separation of these materials takes place 
in the beds of porous rock, the gas and oil being concentrated in 


Fia. 31.—Occurrence of petroleum and natural gas in a typical rock formation. 


the upper, concave downward portions of the strata (called 
anticlines or domes). A typical formation is shown in Fig. 31. 
In certain cases, however, notably in the Appalachian field, the 
oil does not occur with water and, consequently, owing to the lack 
of upward pressure due to the water, the oil is found in the 
bottom dips of the strata. These lower, concave, upward bends 
are called synclines. 

2. The porous bed may be sealed up by an impervious over- 
lying bed which prevents the escape of the oil to higher strata 
or to the surface. 

3. The rock containing the oil may or may not be very porous 
and this governs the quantity of oil retained and also the freedom 
of flow. 
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Oil-well Drilling and Life of Wells.—The crude petroleum is 
secured by drilling through the non-porous, oil-retaining bed 
above the porous rock, and allowing the free upward movement 
of the oil. The gas and oil are under pressure from the water 
below and, as the impervious layer is pierced, the sudden release 
of this pressure brings in a gusher. The length of time that this 
period of high production lasts varies greatly in different wells, 
some holding up over long periods while others give out in a few 
hours. The presence of petroleum is indicated by oil springs or 
seepages, and in such cases its location underground may be 
determined quite accurately from a consideration of the struc- 
tural features of the surrounding terrain. The knowledge of 
oil geology has so far advanced that it is possible to state quite 
definitely where oil fields may be found and the productive 
period of a field, once located, may be predicted with reasonable 
accuracy. 

Losses in Petroleum Production.—By no means is all the oil 
which is underground, even after it has been located by means of 
a well, raised to the surface. The three main losses are due to 
the large percentages of oil left in the porous rock underground, 
the infiltration of water into the well, and the escape of natural 
gas during the process. The location of the oil depends mainly 
on the differences in specific gravities between oil and water, and, 
therefore, if water creeps into an oil well, the location and the 
ease of recovery of the oil are usually changed. This infiltration 
of water, which always means a lowered recovery of oil, has 
ruined many wells, and has seriously affected whole fields. 
Many wells during drilling enter gas-bearing formations and 
further work is often suspended until the gas has escaped. The 
losses resulting from this practice are twofold: first, the escape 
of the gas itself represents the loss of an enormous quantity of 
valuable fuel. In addition, there is a much larger waste, essen- 
tially the loss of pressure, which, if it were not lost and were ex- 
erted on the oil would allow a far greater petroleum recovery than 
is ordinarily possible. It has been estimated’ that under present 
practice from 30 to 90 per cent of the oil is left underground, 
that, owing to losses from improper storing, fires, and the like, 
only 25 per cent of the petroleum that is underground reaches 
the pipe line, and that the overall efficiency of utilization, which 
takes into consideration the losses due to wasteful use of oil, 


is only about 10 per cent. 
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Grades of Petroleum Oils Used as Fuel.—Most crude petro- 
leums, in order to separate the various products, are subjected 
to fractional distillation. This distillation may consist in “‘top- 
ping,” that is, removing only the lighest, lowest-boiling, most 
volatile constituents, such as gasoline, or, the process may be 
continued, distilling over gasoline,* kerosene (approximately 
44°Bé.), gas oil (approximately 35°Bé.), light fuel oils (18 to 
30°Bé.), and lubricating oils, in the order named, a heavy (approxi- 
mately 10 to 14°Bé.) viscous residue (called residuum) being left 
behind in the still. 

Fuel oil has been defined as “any petroleum product used for 
the generation of heat in a fire box. In general, any liquid or 
liquefiable petroleum product may be used as a fuel oil, the con- 
trolling factors being cost and adaptability. Fuel oils in common 
use fall into one of four classes: (1) crude petroleums, (2) distillate 
fuel oils, (3) residual fuel oils, (4) blended fuels.’ 

1. Crude Petrolewms.—The crude petroleums which are used 
as fuel oils are of relatively low commercial value otherwise. 
Weathered crudes, those which have lost an appreciable quantity 
of the more volatile constituents by evaporation during storage,* 
often find use as fuel oil. In the early days of the petroleum 
industry, crudes were extensively used as fuel oil, but owing to 
the possible recovery of the valuable gasoline, other lighter 
products and lubricating fractions by distillation, this practice 
has largely been discontinued and today only those ecrudes 
which contain small quantities of valuable material are being 
used directly as fuel. Untopped crudes (containing small per- 
centages of the light gasoline fractions which lower the flash 
point) are somewhat more dangerous from the standpoint of fire 
hazard than residual fuel oils or distillates. 

2. Distillate Fuel Oils—Distillate fuel oils are obtained from 
more complete refining operations than are carried out on the 
topped crudes. They consist of the fractions distilled inter- 
mediate between kerosene and lubricating oils and since they are 
produced by distillation from the crude petroleum they are free 
from heavy residual tar and salt. These distillate fuels may 
vary from 44°Bé. (crude kerosene), through gas oil (about 35°Be.) 
and the light fuel oils} of 28 to 30°Bé., to somewhat heavier cuts, 

* The products are listed in the order of their recovery, i.e., the lightest, 
most volatile products first. 

t Now being used to an increasing extent as a domestic fuel. 
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depending on the source of the original crude. Distillates are 
obtained mainly from the Mid-Continent and Eastern districts 
and include the gas oils, and certain fractions of the lubricating 
and cylinder stocks. In general, the viscosity of the lighter 
grades is quite low. 

3. Residual Fuel Oils—Residual fuel oils are topped heavy 
crudes or the viscous residual products obtained from crude 
petroleum by the removal of some of the water and an appre- 
ciable percentage of the valuable, more volatile hydrocarbons. 
The topping process, therefore, allows the recovery of the valu- 
able gasoline and other light products, thus lowering the flash 
point, makes for safety in handling and burning the fuel oil, 
and removes the water. Any water present in residual fuel oil 
gets in after distillation, from leaky steam coils, rain, and the 
like. These residual fuel oils come mainly from California, 
Texas, Mexico, and parts of Oklahoma. They contain very small 
amounts of ash and salt left from the original petroleum. 

4. Blended Fuels—The blended fuels, as the name implies, 
are mixtures of any or all of the three other classes. Blending 
with distilled material is often necessary to overcome the high 
viscosity of the residuums left after the removal of the lighter 
and lubricating fractions. Blended fuels of this type often can 
be detected by the small amounts of ash and salt which they 
contain. 

Properties and Specifications of Fuel Oil—The important 
properties of fuel oils are: (1) specific gravity, (2) heating value, 
(3) flash point and fire point, (4) congealing point (cold test), (5) 
viscosity, (6) sulfur content, (7) moisture and sediment, (8) spe- 
cific heat and coefficient of expansion. Distillation curves are 
important only in case the oil is to be used as a motor fuel. 
Although general specifications for fuel oils cannot be used to 
advantage, owing to the wide difference in individual require- 
ments, certain points should always be borne in mind in purchas- 
ing oil fuel. These points are taken up in the discussion of the 
properties of fuel oil below. 

1. Specific Gravity—Fuel oil is sold by volume and not by 
weight; accurate specific-gravity measurements are, therefore, 
an essential.* Users of fuel oil should always bear this in mind 
in buying, since the storage space required as well as the other 

* Since specific gravity varies with temperature, the temperature should 
always be given in reporting a specific-gravity determination. 
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properties must be considered. Figure 32 gives the density of 
liquids in pounds per gallon plotted against both specific gravity 
and degrees Baumé (all at 60°F.), the latter being the figure 
usually used in the petroleum industry. The relation between 
specific gravity and degrees Baumé (American Petroleum Insti- 
tute Standard) is: 


Degrees Baumé _ 141.5 1315 
(A.P.I. Std.) —s- Specifie Gravity, 60°/60°F. 
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Fia. 32.—Comparison of density in pounds per gal., degrees Baumé, and specific 
gravity of liquids lighter than water. 


2. Heating Value-—The heating value of most fuel oils is 
between 18,000 and 19,500 B.t.u. per lb., with about 18,500 B.t.u. 
as an average. In Fig. 33, the approximate heating values 
of various fuel oils are plotted against degrees Baumé (°Bé.). 
This figure shows that, although a crude of high specific gravity 
(low °Bé.) may have a lower heating value per Jb. than an oil 
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of low specific gravity (high °Bé.), the positions are reversed when 
the heating value per gal. is considered. For example, a crude 
of 15°Bé. has a heating value of 18,680 B.t.u. per lb., while a 
45°Bé. oil has a heating value of 20,400 B.t.u. per lb. On the 
other hand, the 15°Bé. oil contains 150,500 B.t.u. per gal., as 
compared with only 136,400 B.t.u. per gal. for the higher-priced 
45°Bé. oil. Usually oils that are the cheapest per gal. also have 
the highest B.t.u. per gal. 
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Fig. 33.—Approximate heating values of various fuel oils of different gravity. 


3 Flash Point and Fire Point—The flash point of an oil is 
the temperature at which sufficient vapor is given off under 
certain definite conditions to form a momentary flash (a burning 
of the mixture of gas and air) when a small flame is brought 
near its surface. The flash point is determined in a special 
type of apparatus, the specific form of the apparatus often being 
prescribed by law. The fire point of an oil is the temperature 
at which the oil gives off enough vapor to burn continuously. 
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That is, the oil will burn continuously if it is raised to the fire 
point. This temperature is usually about 20°F. higher than the 
flash point. The lower the flash point, the easier it is to ignite 
oil, but the more hazardous is the oil when used as a combustible 
material. 

4. Cold .Test—The cold test or congealing point is the tem- 
perature at which the oil becomes pasty, usually due to the 
crystallization of paraffin or other matter. This test is important 
in showing whether or not an oil will flow freely in pipe lines, 
etc., and the required cold test depends on the climate. 

5. Viscosity.—The viscosity of an oil is a measure of the inter- 
nal friction of the liquid or its resistance to flow. ‘This resistance, 
which is markedly decreased by raising the temperature, is 
generally measured by determining the time required for a given 
quantity of the oil at a constant temperature to flow through 
a small orifice, and is reported in a number of different ways,* 
such as degrees Engler, degrees Saybolt, and the like, depending 
on the type of instrument used. 

As is shown in Chap. XVI, the chief function of an oil burner 
is to atomize or finely divide the oil, and to do this effectively 
with a heavy oil the viscosity must first be lowered by heating. 
Figure 34 shows® the changes in viscosity with changing tempera- 
ture of a number of the common oils. Fuel oils may be divided 
into two classes on the basis of viscosity :§ 

Class 1 includes asphaltic base crudes, residual fuel oils, or 
other oils which require preheating to reduce the viscosity to such 
a point that they may be atomized properly. For proper atomi- 
zation in mechanical burners the oils must have a viscosity of 
4 to 12°Engler and this determines the proper temperature for 
preheating (see Fig. 34). It is desirable that this temperature 
should not be above the flash point of the oil when the fire risks 
are great. It is recommended that the flash point of this class 
of oils should not be below 150°F. (Navy Specifications). 

Class 2 is composed of fuel oils of so low a viscosity as to make 
preheating before burning unnecessary, 12°Engler at 60°F. 
being about the maximum viscosity allowable. The distillate 
fuel oils usually fall in this class. The flash point of such oils 
should not be below 120°F. 

6. Sulfur Content.—High sulfur content is objectionable 
since corrosion results from the action of the sulfur dioxide 


* See references 3 and 10 for description of methods and conversion tables. 
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(SO2) formed on burning. Oils of high sulfur content have also 
been found to corrode tanks and pipe lines and this factor must 
also be taken into consideration. A sulfur content of 4 per cent 
or less is sometimes used for general purposes, such as steam 
raising, but in metallurgical or other work where the sulfur may 
have a harmful effect the percentage should run much less. 

7. Moisture and Sediment.—Moisture and sediment are found 
in practically all fuel oils. They should not, however, be present 
to the extent of more than 2 per cent by volume (Navy Specifica- 
tions 1 per cent), as otherwise trouble may be experienced in 
firing. 

8. Specific Heat and Coefficient of Expansion—The specific 
heat, which is of importance in problems of heater design, varies 
between about 0.4 and 0.5, while the coefficient of expansion is 
generally taken as 0.0004 per degree Fahrenheit. In order to 
find the change in volume with a given change in temperature, 
substitute in the following equation: 


V: = Vo (1 + 0.000412), 


where V, is the volume at the initial temperature, V; is the 
volume at the final temperature, and ¢ is the degree Fahrenheit 
temperature increase. 


PETROLEUM RESOURCES 


Petroleum, although widely distributed geographically, occurs, 
so far as is known at the present time, in commercial quantities 
in relatively restricted areas, and the major producing fields are 
few in number. Oil fields of commercial consequence are found 
in the United States, Mexico, Russia, Galicia, Dutch East Indies, 
Mesopotamia, Persia, India, and a number of other countries. 
The first three countries named, however, supply practically 
nine-tenths of the petroleum in the entire world. 

United States Resources.—The oil pools of the United States 
have been grouped into seven major producing fields or districts. 
These are (1) the Appalachian district, (2) the Lima-Indiana 
district, (3) the Illinois district, (4) the Mid-Continent district, 
(5) the Gulf Coast district, (6) the Rocky Mountain district, and 
(7) the California district. The locations and boundaries of the 
districts are shown in the map (Fig. 35) and their production for 
the period from 1890 to 1924 is shown in Fig. 37. The main 
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features of the districts, and the characteristics of the oils* pro- 
duced in them, are discussed in the following paragraphs. 

The Appalachian District—The Appalachian district takes 
in the oil fields east of central Ohio and north of Alabama, 
including those of Pennsylvania, New York, West Virginia, 
eastern Ohio, Tennessee, and Kentucky. The typical oils are 
paraffin base, free from asphalt and objectionable sulfur, and 
rich in the lighter derivatives. The gravity ranges from 39 to 
45°Bé., averaging about 43°, and yields on distillation about 35 
per cent gasoline, 27 per cent kerosene, 10 per cent gas oil, and 
15 per cent lubricating oil. On account of the lighter distilla- 
tion products and heavy-viscosity cylinder oils in the residuums, 
these oils are too valuable to be used as fuels. Although no 
large producer, this field is important to the oil industry, owing 
to the high quality of oil. 

The Lima-Indiana District—The oil pools in northwestern 
Ohio and most of those in Indiana are included in the Lima- 
Indiana district. The oils are paraffin base, of lower quality 
than those of the Appalachian district, and contain large per- 
centages of sulfur, which must be removed by special treatment. 
The average gravity is about 39°Bé. and they contain about 35 
per cent gasoline, 15 per cent kerosene, 12 per cent gas oil, 9 per 
cent lubricating oil, and 25 per cent fuel oil. 

The Illinois District—The principal producing areas in the 
southeastern part of Illinois, as well as scattered pools in the 
central and western parts of the state, comprise the Illinois 
district. The oils in the northern part of the district are heavy, 
asphalt-base crudes with relatively high sulfur. To the south 
the oils are of better quality, with an average gravity of about 
32°Bé. and contain about 20 per cent gasoline, 15 per cent kero- 
sene, 8 per cent gas oil, and 16 per cent lubricating oils. 

The Mid-Continent District—The oil fields in Kansas, Okla- 
homa, northern and central Texas, and northern Louisiana make 
up the Mid-Continent district. The crudes vary widely in com- 
position and appearance, ranging from about 21°Bé. to the 
“gasoline well’? product in Oklahoma, which has a gravity of 
about 55°Bé. A typical oil from this district, of gravity 34°Bé., 
contains about 22 per cent gasoline, 15 per cent kerosene, 12 per 
cent gas oil, and 29 per cent fuel oil. 

* The description of the various crudes is abbreviated from that given in 
references 9 and 12. 
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The Gulf Coast District—The Gulf Coast district includes 
the fields in the Gulf Costal Plain of Texas and Louisiana. The 
crudes are of asphalt base, averaging about 22°Bé. in gravity, 
with a high sulfur content. They contain little of the lighter 
products and yield about 35 per cent gas oil, 45 per cent lubricat- 
ing oils, and 1214 per cent of residuum asphalt. 
The Rocky Mountain District—The fields in Colorado, 
Wyoming, and Montana are included in the Rocky Mountain 
district, the main production being from Wyoming. ‘Two types 
of oil are found, one of asphalt base, ranging from 15 to 25°Bé., 
and the other of paraffin base with gravities from 25 to 50°Bé. 
The latter type is well suited for refining and a crude of 36.5°Bé. 
gravity yields about 29 per cent gasoline, 15 per cent kerosene, 
10 per cent gas oil, and 17 per cent lubricating oils. 
_ The California District——The oil fields on the sides of the San 

Joaquin Valley (called the Valley fields) and the pools along 
the coast (called the Coastal fields) are included in the Cali- 
fornia district. The crudes are mainly asphalt base, with low 
sulfur content, of gravities averaging about 21°Bé., and the 
major part of the production, as a residue after refining, is 
used as fuel oil. Recent discoveries of large quantities of lighter 
oils, however, have led to an increasing production of refined 
oils. A typical crude contains about 22 per cent gasoline, 19 per 
cent kerosene, 18 per cent lubricating oils, and 21 per cent 
residuum, 

The average crude oil, produced in the United States under 
present methods,! yields 27 per cent gasoline, 10 per cent kero- 
sene, 4 per cent lubricating oil, 46 per cent of gas and fuel oil, 
and varying amounts of asphalt, wax, ete. 

Estimated Reserves in United States Petroleum Areas.—A joint 
committee of the U. 8. Geological Survey and the American 
Association of Petroleum Geologists“ has estimated that in 
the United States, in January, 1922, there were in the ground 
about 9,000,000,000 bbl. of oil recoverable by present methods.* 
Calculations of oil reserves are extremely unreliable, time usually 
proving them too conservative.'6 The oil known to be in the 
ground in 1925 still equals the amount estimated in 1922. How- 
ever, the estimates in the following table, which are conservative, 
are the most complete and reliable that have been prepared for 
any oil country or district. 

* Petroleum known" to be in the ground in the U.8., 26,000,000,000 bbl. 
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TABLE XXXVI 


EstiMATEpD O1n Reserves or THE UNITED STATES 
(Recoverable by present methods.) 


MiILuions 

or BARRELS 
ag Bea oan AR Se a dines Smace ne oc Rae: 100 
PT Ry EEO a ee a ea Sa ae ee a 260 
OCIS RS ES 2 epee i IR en ge ee ae ie aa 200 
Dene meer meee arte. oe in, es ee Oe gee eee 190 
Bron ineenreey Otc bapa oes kei. ed doko sOtas . Adee coke 70 
PUGS ge OE POE eS eg ae ee ene ne me vee es err 440 
Kentucky, Tennessee, northern Alabama, and northeastern Missis- 

FESVOPOULSS oy castles Stee IRC Ns Se ea ang PN ee Oe BCs a Sy 175 
Missouri, lowa, North Dakota, Wisconsin, and Minnesota......... 40 
Seernemee ee. oo re ee ie oe Se 425 
(OPS nmoy Tes A AOL RR ae ole eee ee RM Sr i 1,340 
Nortbern) Louisiana and Arkansas, 0.0... ae. sv s u-aseaeten ee 2d 
plceacoxcemi Cult Ons h treme cA ucts. srutihs and asad ei ae cen eee 670 
(Gye, Cero rs thea Wee e2¥-chranove Il WYayuht=s1) 01: Nels ay a arava iene endear cit SR 2,100 
Colorado; New, Mexico; ‘and Amizona.. . oc 23 .< os ros oye case Bans ayes 50 
VV NOLL Seen Pee enieen Gren shen ciate wh craug kX, Aa, Gita uous te ater at 525 
Montana, Nebraska, and South Dakota................:5..5..>- 100 
Utah, Nevada, Oregon, Washington, and Idaho................... 80 
Galiiormilsaman fee eeetinie 08 te hte Sabla sore cin ode Ese aan od 1,850 
Eastern Gulf Coastal Plain and Atlantic Coast states............. 10 

UW eX hey «tk 5 reheat a RS ca ie er mee ane aS EE) Wee ee 9,150 


Of the 9,000,000,000 bbl. estimated reserves in 1922, 5,000- 
000,000 may be termed oil in sight and 4,000,000,000 prospective 
and possible. Something more than 4,000,000,000 belong to the 
heavy-oil type and will be recovered mainly in the Pacific Coast, 
Rocky Mountain, and Gulf states. The reserves of medium- 
and high-grade paraffin-base oils (as contrasted with the heavier 
oils) are estimated at 5,000,000,000 bbl.; the reserves of the high- 
grade oils of the Appalachian states are about 725,000,000 bbl. 

Mexico’s Petroleum Resources.—There are at present three 
main producing fields in Mexico: (1) the Panuco district, about 
30 miles southwest of Tampico (2) the Dos Bocas-Alamo dis- 
trict, which extends from Dos Bocas to Alamo on the Tuxpam 
River; and (3) the Tehuantepec district in southern Mexico. 
The Panuco district crude contains about 27 per cent gasoline, 
4 per cent kerosene, 14 per cent gas oil, 12 per cent lubricating 
oils, and 66 per cent asphalt. It has a specific gravity of about 
12°Bé. and is often used as fuel oil after topping. The Dos 
Bocas-Alamo crude, which after topping is also used as a fuel oil, 
contains about 8 per cent gasoline, 9 per cent kerosene, 3 per 
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cent gas oil, 1 per cent paraffin, and 74 per cent fuel oil. The 
average gravity is about 20.5°Bé. Whether an oil is used as a 
fuel oil or as a raw material for cracking depends on the produc- 
tion of crude oil and on the price of gasoline. The Tehuantepec 
crudes are of better grade than oils from the other two districts, 
and contain about 20 per cent gasoline, 25 per cent kerosene, 20 
per cent light distillates, 20 per cent lubricating oils, and 15 per 
cent residuum. The gravity is about 32.5°Bé. There are 
promising indications of petroleum in other parts of the country. 

Since over 85 per cent of the world’s present production of 
petroleum comes from the United States and Mexico, detailed 
discussion of the petroleum resources of other nations has been 
omitted. 


PETROLEUM PRODUCTION AND THE FUTURE OF THE INDUSTRY 


Although petroleum was known to the ancients, and it is 
certain that the crude oil was long used by the Indians of North 
America, the modern petroleum industry did not really begin 
until about 1860, when the production jumped from about 6000 
to over 500,000 bbl.* in a single year. The industry has grown 
phenomenally since that time, until in 1924 the world’s 
production of crude petroleum was over 1,000,000,000 bbl., with 
a grand total of over 12,000,000,000 bbl. produced since 1857. 

Figure 36 shows the petroleum” production of the main pro- 
ducing countries over the period from 1890 to 1924. 

The figure clearly shows the major part played by the United 
States, which, with the exception of the period from 1898 to 
1901 when Russia took first place, has been the biggest producer 
of petroleum. In 1923, for example, the United States produced 
over 730,000,000 bbl. of petroleum. This is an increase of 30 
per cent over the United States production for 1922, is more than 
double the production of the United States in 1918, and is almost 
40,000,000 bbl. more than the production of the entire world" 
in 1920. 

The figure also shows the decline in Russian production due 
to internal political unrest, and the increasing production of 
Mexico. The decrease in Mexican production in 1922 was 
largely due to the fact that wells ruined by the invasion of salt 
water were not replaced by new discoveries. 

*1 bbl. = 42 gal. 
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One of the factors which has aided the growth of the oil industry 
in the United States has been the huge pipe lines connecting the 
producing centers with the refineries and consuming centers. 
Although a large amount of both the crude and refined products 
are transported by rail and water, the 60,000 miles of oil pipe 
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Fig. 36.—Petroleum production of the world from 1890 to 1924 in thousands 
of barrels. (From data of U.S. Geol. Survey and Am. Petroleum Inst.) 


lines with capacities totaling over 800,000 bbl. daily have joined 
widely separated producing areas and allowed production to 


reach its present magnitude. 

Taking the case of the United States, the world’s largest 
producer of petroleum, as typifying the trend of petroleum pro- 
duction and exploitation, it is possible to predict, with a fair 
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degree of accuracy, the future of the industry. In Fig. 37 is 
plotted the total United States production of petroleum from 
1890 to 1924, and the proportion of this total contributed by 
each of the seven oil districts in the country. As the plot shows, = 
the Appalachian district is the oldest, as well as the most consist- 
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Fia. 37.—Petroleum production of the principal districts in the United 
States from 1890 to 1924. (From data of U. S. Geol. Survey and the Am. Petroleum 
Inst.) 


ent producer. The American petroleum industry began with 
the drilling of the discovery well at Titusville, Pa., in 1869. Up 
until 1900, as the science of oil geology progressed, new dis- 
coveries more than offset the exhaustion of the field, but in the 


* For a more complete treatment of the subject refer to “The Petroleum 
Outlook,’’"® by A. D. Lrrrnr. The present discussion is based to a certain 
extent on subject matter in this reference. For a more optimistic view of 
our present petroleum supplies see reference 16. 
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last 20 years the situation has been reversed, and with practically 
the entire district tested (by drilling wells) it is highly improbable 
that the production in this field will materially increase. It 
is rather to be expected that the wells will continue in line 
with their past performances and gradually decline in output. 
This field, being free from water, has maintained its production 
by flooding suitable exhausted wells with water to continue the 
production of the remaining wells. 

The second oldest district, the Lima-Indiana, reached its 
maximum production in 1896, only 10 years after its discovery, 
and has declined since, until in 1922 the production was less 
than one-tenth of the peak value. Like the Appalachian, the 
greater proportion of the oil possibilities have been investigated 
and increased production of any considerable magnitude cannot 
be expected in this field. 

Development of the Illinois district began in 1904, and in 
1908 the maximum production was reached. Since 1910 the 
decline has been quite rapid, the average rate of decrease being 
about 10 per cent per year. This field, like the Appalachian and 
Lima-Indiana, has been quite thoroughly prospected and no 
major increase is probable. 

The Gulf Coast district began its commercial output in 1901 
with the drilling of the famous Spindletop well. In 1905 the 
maximum was apparently reached and the production gradually 
dwindled, until in 1914 new wells caused increased activity, 
and, as shown in Fig. 37, the production in 1922 was practically 
equal to the peak production. Production in this field is erratic, 
and while there is considerable uncertainty as to the future of the 
district, there seem to be possibilities of somewhat extending 
the producing area by deeper drilling or by new discoveries in 
the Salt Dome region.® 

The Rocky Mountain district has the largest average produc- 
tion per well in the country. The period of rapidly increasing 
production began with the discovery of the Salt Creek field in 
Wyoming, and in 1922 the production was about as large as that 
of the Appalachian district. There are a number of possibilities 
of expansion of the producing areas and with the waning of other 
districts it is practically certain that new pools will be discovered. 
The possibilities for increasing production in this field are good, 
and it is to be expected that deeper drilling will bring in additional 
oil. Production increased considerably in 1923 and 1924. 
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The California district for a number of years has been the 
first or second largest producer of petroleum in the country, 
and the output represents nearly a third of the total for the 
United States. The addition of new fields near Los Angeles has 
recently greatly increased the production, so that some of the 
older producing wells have had to be shut down. Although 
geologists have expressed the opinion that the producing areas 
of the district are well defined, the recent discoveries seem to 
indicate that the peak production has not yet been reached 
and that the field will continue in substantially its same position 
of importance for many years to come. 

The Mid-Continent district is by far the largest producer of 
petroleum in the United States, its production of 306,000,000 bbl. 
in 1922 representing about 55.5 per cent of the total United States 
production and 36.4 per cent of the petroleum output of the entire 
world. Since the fields of this district cover such a wide area, 
and the surface evidence in this case does not permit definite 
predictions as to the future discoveries, the size and the value of 
prospective areas are largely matters of conjecture. It is 
fairly certain, however, that the possibilities of the field have 
not been entirely explored and that the field will continue in 
its position of leading producer for some time. 

In summarizing the preceding paragraphs it will be seen that 
three of the seven petroleum-preducing districts of the United 
States have reached the peak of their production and have 
started to decline. Another, the Rocky Mountain district, 
offers possibilities of marked expansion, while the other three, 
although unknown quantities and apparently not yet at their 
maximum, cannot continue their expansion and increasing pro- 
duction indefinitely. Moreover, it is the opinion of competent 
geologists that new producing areas of magnitudes corresponding 
to the present ones cannot be hoped for in the United States, and 
that the downward trend of the production curve for the Appal- 
achian, Lima-Indiana, and Illinois districts represents the form 
of the composite curve for the whole country a few years hence. 
It is interesting to note that the production of petroleum in 
the United States in 1924 was about 714,000,000 bbl., or 2.5 
per cent less than in 1923. This is the first decrease in yearly 
production since 1906. 

The reserves shown on page 121 are enough to meet the 
present requirements for less than 20 years if the oil could be 
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taken out of the ground as fast as it is wanted. The oil will 
not all be exhausted in 20 years,4 however, since all the oil 
pools will not be found within that time, drilling will be spread 
over many years as the pools are found, and the wells cannot 
be pumped dry so quickly. Individual wells will continue 
to give oil for more than 20 years and it is probable that some of 
the wells will not have been drilled by 1950. On the other 
hand, the United States is already dependent on foreign sources 
to supplement her own production, and this dependence will 
increase as the United States production falls off, except as artifi- 
cial petroleum is produced from oil shales or the distillation of coal, 
or some substitute for petroleum becomes commercially successful. 

It should also be noted that the above estimates are based on 
present methods of recovery. However, it is practically certain 
that new methods, such as “‘air pressure,” “vacuum extraction,” 
etc., will allow the recovery of greater percentages of the oil 
underground than is possible with present practice. 

Furthermore, with the stimulus of advancing prices (in addition 
to reworking wells now abandoned as unprofitable), it is certain 
that the vast potential reserve represented by oil-shale deposits 
will be utilized. At the present time, on account of the high 
cost of production from shales, oil from this source cannot be 
produced in the United States at any substantial profit. As 
prices advance, however, it will become economically possible 
to obtain petroleum from this source and our workable oil 
resources will thus be greatly increased. It has been estimated, 
for example, that a sixfold increase in price would cause an 
increase of over fifty fold in the petroleum reserves which could 
be worked profitably. 

Having seen the relatively short span of life estimated for the 
petroleum reserves of the United States, it is interesting to review 
the world oil situation. It is estimated that the United States 
has about 12 per cent of the world’s recoverable supply, and 
Mexico 7.5 per cent, most of which is American owned. Outside 
of these two countries, the United States control about 2 per cent, 
making the total reserves under American controls about 18 
per cent. These resources must be contrasted with those of 
Great Britain which, up to about 1914, had practically no petro- 
leum reserves. At the present time, through various means, 
Great Britain controls over 70 per cent of the world’s known 


petroleum areas. 


128 FUELS AND THEIR COMBUSTION 


Other Indications of the Future of Petroleum.—In addition 
to the figures on petroleum resources and production of ccude 
petroleum, the statistics of the refining industry also give an 
interesting commentary on the future of the industry. In 
the early days of petroleum refining, the demand for gasoline 
was very small, and it was essentially a by-product in the manu- 
facture of kerosene. Today, however, the situation has been 
reversed, and in the petroleum industry, really the motor-fuel 
industry, gasoline is the most valuable product, and kerosene 
production has been decreased in order to produce the lighter 
gasoline by “‘cracking.’”’ About 20 per cent of gasoline can be 
obtained from the average crude by straight refining methods, 
while the demand for motor fuel is so great that even at the 
present time other fractions of the oil have to be cracked. 
The kerosene fraction cannot be reduced further on account of the 
necessity for that product. The lubricating fraction is as neces- 
sary as the gasoline, thus leaving for further encroachments of 
the cracking process, first, gas oil, and then fuel oil. The first 
of these has already taken place and considerable gas oil is being 
cracked to give gasoline. The same is true of fuel oil and it is to 
be expected that the process will be continued. With the con- 
tinually expanding automotive industry, and the possibility of 
petroleum production not being able to keep step with this 
advance, it can be seen that questions of petroleum conservation, 
not the least important of which lies in the proper utilization of 
fuel oil, should be matters of concern to everyone. 

While there is no doubt as to our ability to produce liquid fuels, 
on the basis of present data it seems probable that the next cen- 
tury will see the production of liquid fuel in large quantities com- 
mercially from sources other than petroleum. Whether the 
distillation of shale, the treatment of coal (carbonization, hydro- 
genation or via water gas) or some other process will be the most 
economical cannot be said at the present time. 
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CHAPTER VII 
OTHER PRIMARY FUELS 


In addition to coal and fuel oil, a number of other fuels* are 
used to a limited extent for industrial heating, or are destined to 
be used more extensively as fuels as our supplies of petroleum and 
our best coal seams are depleted. Such fuels as shale oil, natural 
gas, wood, various wood products, tanbark, corn, straw, bagasse 
or extracted sugar cane, briquets, and colloidal fuel, though 
much less important than either coal or oil, do find a certain 
application. The properties of these fuels which are important 
from the viewpoint of combustion are described in this chapter. 

Shale Oil.—<As pointed out in the preceding chapter, one of the 
most promising future substitutes for petroleum is the oil derived 
from oil shales. Oil shales are brown or black sedimentary 
rocks containing numerous fragments of organic matter, such as 
fossil plants and animals. This organic matter, on distillation, 
yields nitrogen compounds and oil. 

Oil shale is mined somewhat like coal, is crushed and classified, 
and fed to stills or retorts. Heat is usually supplied internally 
to the retorts, part of the products of distillation being used to 
furnish the necessary fuel. The part of the retort in which oil 
gases are driven off from the incoming fuel is maintained at not 
over 900°F. (480°C.). In the waste end of the retort, however, 
where the oil has been mostly removed from the shale, the 
temperatures run somewhat higher (1600 to 1750°F., or 872 to 
955°C.). A great many different types of retorts have been 
proposed and used, as, for example, continuous and intermittent 
vertical retorts, fired internally and externally; horizontal and 
inclined retorts of various types have also been used. The gases 
from the retort are condensed, scrubbed, and refined in a manner 


* It will be noted that a number of these are, in reality, secondary or 
manufactured fuels, and have only been introduced at this point for con- 
venience of presentation. 

} The various industrial, manufactured gases are discussed in Chaps. XI, 
XVIII, XIX, and XX. 
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similar to that employed in the refining of petroleum. The 
main products obtained are: (1) gasoline, (2) kerosene, (3) lubri- 
cating oil, (4) fuel oil, and (5) considerable quantities of combus- 
tible gases. The average yield of crude oil per ton of shale may 
vary from 20 to over 60 gal. per ton, the average for the Scottish 
shale industry being about 25 gal. In Scotland and France (the 
main countries in which large-scale production of oil from shale 
has so far been economically possible), a large proportion of the 
nitrogen compounds present in the shale are recovered and 
marketed as ammonium sulfates. In Scotland, for example, 
the average yield is about 35 lb. of ammonium sulfate per ton 
of shale, or 60 per cent of the original nitrogen content. The 
nitrogen content of American shales is said to be about the 
same as in the Scottish deposits.* 

In spite of the tremendous deposits of shale in the United 
States there has been practically no successful exploitation on 
account of the present low prices of petroleum and on account of 
the time required for developing and putting in operation methods 
of distillation applicable to American shales. The development 
of the American oil-shale industry! to a point comparable with 
the present petroleum industry { would require a mining activity 
comparable in size to the coal-mining industry. The develop- 
ment and the training of such a huge army of workers will, 
obviously, require a number of years. 

Natural Gas.—Natural gas is of similar origin, and usually 
occurs with petroleum. It consists mainly of methane (CH,), 
with smaller quantities of other hydrocarbons, particularly 
ethane, although carbon dioxide, carbon monoxide, oxygen, and 
nitrogen are usually present in sma!l amounts. The analyses of 
natural gas from several different localities are given in Table 
LXVI (Chap. XJ). 

Natural gas is an ideal fuel for industrial heating on account 
of its cleanliness, ease of transportation, high heat content (from 
700 to 1400 B.t.u. per cubic foot), and the high flame tempera- 


* For a complete discussion of the subject of Oil Shale, see References 1, 2, 
3, and 4. 

+ Assuming an oil yield of 42 gal. of oil per ton of shale retorted, over 
700,000,000 tons of shale would have to be mined yearly to duplicate the 
petroleum production of the United States in 1924. This is approximately 
10 per cent greater than the yearly production of bituminous coal in the 
United States (658,000,000 tons in 1920). 
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ture possible. It has been widely used for both industrial and 
domestic heating, but the declining supply since 1917 (when 
about 800,000 million cubic feet were produced) has necessitated 
its replacement by other fuels to an increasing extent. In the 
future, to eke out the rapidly diminishing supply, natural gas 
will be used to enrich the lower-heating-value manufactured 
gases. 

Considerable quantities of ‘‘casing-head gasoline’’ are pro- 
duced from natural gas by removing the hydrocarbons which are 
liquid at ordinary pressure and temperature, but normally are 
present as vapor in natural gas and in gas from oil wells. This 
casing-head gasoline is used mainly for blending with the gaso- 
line-kerosene fractions from petroleum distillation in order to 
bring heavy fractions up to gasoline standards. The main 
methods of recovery are: (1) absorption in straw oil, the gasoline 
being subsequently driven off by heat; (2) direct absorption of 
the casing-head constituents in naphtha to form the desired 
blend; (8) separation of the casing-head gasoline by compressing 
the slightly cooled natural gas; and (4) absorption by highly 
activated charcoal, the gasoline being removed from the 
charcoal by a subsequent treatment with superheated steam. 
The annual recovery of casing-head gasoline from natural gas in 
the United States is in excess of 500,000,000 gal. 

Wood.—Wood is commonly used as a fuel by sawmills and 
woodworking plants, and has supplied from 10 to 15 per cent of 
the total fuel used in the United States (7.e., including domestic 
heating). Industrial wood fuel consists mainly of sawdust, 
shavings, etc., though the more expensive cord wood has been 
used to a considerable extent, either in times of coal shortage or 
in such industries as lime burning, where a long, mellow flame is 
advantageous. 

When freshly felled, wood contains from 40 to 50 per cent of 
moisture, and seasoning or drying is, therefore, important. 
Air drying reduces the moisture content to from 15 to 25 per cent 
and gives a fuel with a heating value* of from 5400 to 6800 B. t.u. 
per lb., as shown by Table XX XVII. 

On the basis of heating value, 1 lb. of coal is the equal of about 
214 Ib. of wood. The heating value of sawdust or refuse is, of 
course, the same as that of the original wood. 


* The heating value of bone-dry wood varies from about 7000 to 9900 
B.t.u. per lb. 
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TABLE XXXVII 
WEIGHTS AND ComposiTIons or AIR-DRIED Woops? 


Per cent 
Pounds | Pounds B.t.u. 
Wood per per per 
cu. ft. cord Car- | Hydro- | Oxy- Nitro- Ash pound 
bon gen gen gen 

12) ae t eae Ap 46 3,520 49.18 6.27 43.91 0.07 0.57 5,420 
d Beech. a5..- « 43 3,250 49.36 6.01 42.69 0.91 1.06 5,400 
Dirchy3 4.4.2 45 2,880 50.20 6.20 41.62 1.15 0.81 5,580 
Ser ora. 35 2,350 48.99 6.20 44.25 0.06 0.50 5,400 
Chats ea sctene aes 52 3,850 49.64 5.92 41.16 1.29 1.97 5,460 
awe Ace a. bois 30 2,000 50.31 6,20 43.08 0.04 0.37 6,700 
POMIAT ee oie 36 2,130 49 .37 6.21 41.60 0.96 1.86 6,660 
Watkowiecds sch. < 25 1,920 49.96 5.96 39.56 0.96 3.07 6,830 


Charcoal.—Charcoal is the product left as the residue from the 
destructive distillation of wood. It is at times used as a fuel 
where a quick, clean fire is needed and hasa heating value of about 
11,000 B.t.u. per lb. It ignites easily, burns cleanly and without 
smoke. Some charcoal is still used for blast-furnace work. 

Tanbark.—Tanbark is the fibrous portion of the ground oak or 
hemlock bark used in tanning. After having been leached in the 
tanning process, the “‘spent tan’’ contains about 65 per cent of 
moisture. The ultimate analysis® of dry tanbark averages: 
carbon, 51.8 per cent; hydrogen, 6.04 per cent; oxygen, 40.74 
per cent; ash, 1.42 per cent; the heating value of the dry bark 
is about 9500 B.t.u. per lb. Thus a tanbark containing 65 per 
cent moisture has a heating value of 0.35 * 9500 = 3320 B.t.u. 
per lb. Before firing, the moisture content of the bark may be 
reduced by mechanical pressing or by a partial drying by means 
of the waste heat in the flue gases. 

Straw.—Straw is sometimes used as a fuel. The composition® 
is approximately 36 per cent carbon, 5 per cent hydrogen, 38 per 
cent oxygen, 0.5 per cent nitrogen, 15.75 per cent moisture, and 
4.75 per cent ash, with a heating value of 5400 B.t.u. per lb. 

Bagasse.—Bagasse is the fibrous refuse left after the grinding 
or extraction of sugar cane. It represents about 20 per cent 
of the weight of the original cane and is widely used as a fuel 
on sugar plantations. The composition and heating value 
depend somewhat on the amount of fiber and other combustible 
material present, such as sucrose, gums, and resins contained in 
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the cane. Bagasse is composed of from 35 to 45 per cent fiber, 
7 to 10 per cent sucrose and other combustible material, and 
from 45 to 55 per cent moisture. The average composition of 
dry bagasse is 45 per cent carbon, 6 per cent hydrogen, 46 per 
cent oxygen, and 3 per cent ash, with a heating value of about 
8300 B.t.u. per lb. On account of the moisture, the heating value 
of the bagasse as fired is usually around 4000 B.t.u. per lb. and 
for this reason a number of attempts have been made to reduce 
the water content by means of flue-gas waste-heat driers. 

Bagasse can be burned with good efficiencies at high rates of 
combustion (from 200 to 300 lb. per sq. ft. of grate area per hr.) 
and the yield in many cases is sufficient to meet the entire fuel 
demands of the sugar plantation. At times, however, it has to be 
supplemented with other fuels, such as wood, coal, or fuel oil. 

Briquets.7—One of the major problems in coal conservation 
lies in the utilization of the dust, culm, slack, and other small- 
sized waste coal produced in mining. ‘These, and various other 
low-grade fuels, such as lignite and peat, can be best handled 
and transported in the form of briquets or compressed solid 
blocks. The briquetting industry is quite extensive in Europe, 
where coal is scarce and much of it of low grade. Thus, about 
10 per cent of Germany’s total coal production is marketed in 
the form of briquets. In the United States, on the other hand, 
the expense of briquetting makes it difficult for this form of fuel 
to compete with the relatively cheap, high-grade coals. With 
the depletion of our best coal seams, however, briquetted fuel 
will become of more importance. 

The term “briquet’’ includes compressed fuel made from coal, 
lignite, peat, or coke, either with or without binder. Briquets 
are mostly machine made, the fine coal being mixed with a binder 
and the resulting mixture subjected to a high pressure (from 
1800 to 3000 lb. per sq. in.) in a roll press. In some instances 
a part of the volatile matter of the coal and the binder is driven 
off by a mild baking. This is done to produce a more nearly 
smokeless fuel and to give a harder, less friable briquet. 

Briquets are made in various sizes and shapes. Large rectan- 
gular briquets weighing up to 7 lb. are quite extensively used 
in Europe. ‘They occupy from 10 to 20 per cent less space for 
storing than lump coal, but have the disadvantage of requiring 
labor to break them before firing. In the United States 134- to 
214-02. briquets are used for domestic heating and the 214- to 
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5-0z. sizes are used for industrial purposes. These briquets 
are usually either egg-shaped or of the “overstuffed pillow” 
shape (7.e., with rounded edges) to minimize breakage. The 
rounded edges have the further advantage of permitting good air 
circulation, and therefore aiding combustion. 

Good briquets should be as hard and break as little during 
handling as anthracite coal. They must not deteriorate on 
weathering, and should be essentially waterproof. To meet 
these requirements the proper binder must be used. Asphalt 
pitch and pitch made from coal tar or water-gas tar are the cus- 
tomary binders,* and give good results, particularly when the 
volatile and objectionable cresols are distilled by a preliminary 
treatment. Various natural hydrocarbons, such as gilsonite, 
molasses, starch, or dextrin pastes, and sulfite liquor (a by- 
product in the manufacture of wood pulp by the sulfite process) 
also have been successfully used. Usually from 5 to 8 per cent of 
binder is required to make a hard, durable briquet. 

Anthracite, semi-bituminous and bituminous coals, and carbo- 
coal (a coke left from the low temperature distillation of coal) 
have been successfully briquetted in the United States. Lignite 
and peat briquets, although quite widely manufactured in Europe, 
have not been produced to any extent in America. 

Colloidal Fuel.*—Colloidal fuel, an emulsion of powdered 
solid fuel and oil, was developed by the Submarine Defense 
Association during the war. The solid fuel may be any of the 
coals from lignite to anthracite, or peat, coke, or wood, provided at 
least two-thirds of the dry solid fuel is combustible. It is first 
pulverized so that 95 per cent will pass through a 100-mesh and 
85 per cent through a 200-mesh screen. ‘The solid fuel and the oil 
are then run into a premix tank, to which is also added a small 
amount of a “fixateur’’ to prevent the heavier solid-fuel particles 
from settling out. The contents of the premix tank are then 
ground in a ball or tube mill to promote more intimate mixing. 
Various fuel oils, pressure-stillf oil or tar and coal tar have all 
been successfully used. A lime-rosin grease, { or one of the coal tar 


* These binders were used in about 80 per cent of the briquets produced® 
in the United States in 1922. Ae 

+ Pressure-still oil or tar is the residue left from cracking an oil in a pres- 
sure still. 

t This grease can be prepared by heating 83.5 per cent oil, 10 per cent 
rosin, 5 per cent lime, and 1.5 per cent water. 
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distillates, such as creosote, may be used as a fixateur and if the 
colloidal fuel is properly prepared the solid particles will stay in 
suspension for several months. 

The compositions of two types of colloidal fuel are given in 
Table XXXVIII. 


TABLE XXXVIII 
Compositions OF Two Types oF CoLLorpAL FUEL 


Grade 3, per cent | Grade 4, per cent 

Coal wet oe ole See he aa 30.0 30.0 
Coal tans Ont ee e Semeur ra ee Te 12.0 
Hixatetine aa ciee. Saskatoon hore 15 12 
Mexicansmeducedtotlin: mein t seit 28.8 
Wess INeha A OWES See 515 choo be Gn Ge WE 8.5 6.8 
Pressure=solllioll ae eee et een eens Sie 50.0 

100.0 ; 100.0 


The heating values were 17,200 and 16,670 B.t.u. per lb. for 
grades 3 and 4, respectively. 

Colloidal fuel may be fired in ordinary oil-firing equipment 
and possesses many of the advantages of oilfuel. A large amount 
of heat is radiated from the flame of colloidal fuel, owing to the 
incandescent solid particles. It has the further advantage of 
conserving our supply of oil fuel. 
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CHAPTER VIII 
THE CHEMISTRY OF THE COMBUSTION REACTIONS 


There are certain laws of chemistry which deal with the most 
vital questions in the field of combustion, namely: (1) how much 
heat will be developed through the operation of any given com- 
bustion process or reaction; (2) to what extent will the reaction 
go, 7.e., will all the fuel be consumed if sufficient time be allowed; 
and (3) how fast will the reaction proceed, or how much fuel will 
be consumed in a given time under definite conditions? The 
final answers to these questions are obtained only through the 
study of the controlling chemical laws, particularly those affect- 
ing chemical equilibrium and the rate or velocity at which chemi- 
cal reactions proceed.* This chapter includes a general discussion 
of the basic chemical laws, and the application of these laws to 
the most important individual combustion reactions. The 
number of chemical reactions of importance are relatively few, 
those most frequently encountered being as follows:t 


C + 0, = CO, + 174,600 B.t.u. (1) 

C + CO, = 2CO — 70,200 B.t.u. (2) 
20 + O. = 2CO + 104,400 B.t.u. (3) 
2CO + O2 = 2CO2 + 244,800 B.t.u. (4) 
2H, + O. = 2H,0 + 246,200 B.t.u. (5) 
C4 HO = CO H; — 70,900 B.t.u. (6) 
C¢ + 2H.0 = CO. + 2H, — 71,600 B.t.u. (7) 


Heats of Reaction.— When substances react, heat is always 
either given off or absorbed. This heat is called the “heat of 


* For a more extended discussion of this subject see such standard text- 
books as Millard! or Washburn.? 

+ Heats of reaction at 60°F. and at constant pressure. Data from 
“TLandolt-Bornstein Tabellen.” Reaction heats are given in B.t.u. per 
Ib.-mol. and may be converted to calories per gm.-mol. by dividing by 1.8. 
Another widely used unit is the amount of heat required to heat 1 lb. of 
water 1°C. This is called the Centigrade heat unit (C.h.u.) or pound Centi- 
grade unit (p.C.u.). See Conversion Factors in Appendix. 

137 


138 FUELS AND THEIR COMBUSTION 


reaction”? and is here expressed as the British thermal units* of 
heat evolved or absorbed per lb.-molt of reacting material. 
Thus, reaction (1) given above 


not only expresses the fact that one molecule of carbon reacts 
with one molecule of oxygen to form one molecule of carbon 
dioxide, but it also indicates that when 1 lb.-mol of carbon (12 
Ib.) reacts with 1 lb.-mol of oxygen (32 lb.) the heat liberated 
is equal to 174,600 B.t.u. When a reaction takes place with 
the absorption of heat the equation is written with a minus 
sign; thus 

C + H.O = CO + He — 70,900 B.t.u. (6) 


indicates that 70,900 B.t.u. are absorbed and must be supplied 
from an outside source when 1 lb.-mol of carbon (12 lb.) reacts 
with 1 lb.-mol of water (18 lb.). 

The heat of a reaction varies considerably, depending on 
whether or not the reaction is carried out at constant pressure 
(as, for example, when a gas is burned in a furnace hearth) or 
whether the reaction is carried out at constant volume (as in 
the determination of the heat content of a fuel in a bomb calorim- 
eter). Heats of reaction at constant pressure may be converted 
to heats of reaction at constant volume by the equation.{ 


Q = Q — (An)RT, (9) 


* A British thermal unit (usually abbreviated to B.t.u.) is one one hundred 
and eightieth of the amount of heat required to raise 1 lb. of water from 
32 to 212°F. For all practical purposes, however, it is sufficiently accurate 
to regard the B.t.u. as the amount of heat required to raise 1 lb. of water 
IIR, 

} A pound-mol is the number of pounds of a substance numerically equal 
to the molecular weight. For all gases, 1 lb.-mol at 32°F. and at an absolute 
pressure of 760 mm. occupies 359 cu. ft. This is a most important relation- 
ship. The authors are familiar with the fact that at present most engineers 
do not use the pound-mol as a unit in combustion calculations. However, 
the use of this unit so simplifies combustion work, and, after the pound-mol 
is understood clearly, makes the necessary calculations so easy, that they 
have adopted it throughout. Extensive use of this concept is found in 
Chap. X. 

{ This equation holds rigidly only when the volume of any condensed 
phase (such as water formed from the combustion of hydrogen in coal) is 
negligible and when the gases in question obey the gas laws, i.e., they are 
perfect gases and are not vapors near the point of condensation. 
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where Q, equals the heat of reaction at constant pressure; Q” 
equals the heat of reaction at constant volume; (An) equals the 
increase in the number of pound-mols of gas present after the 
reaction occurs, R, the gas constant, equals 1.9885, or approx- 
imately 2.0; T equals the temperature at which the reaction is 
carried out in degrees Fahrenheit absolute (degrees Fahrenheit -+ 
460). For the reaction 2CO + O2 = 2CO, + 244,800 B.t.u., 
An equals —1, and the heat of combustion in a closed bomb 
(or at constant volume) is, by Eq. (1), as follows: 
Q, = 244,800 + (—1) (2) (60 + 460) = 244,800 — 1060 = 
243,740 B.t.u. (approx.) 
Thus the heat evolved by this reaction at constant volume is 
1060 B.t.u. less than if the same amount of CO were burned in 
a furnace at constant pressure. 

Also, the exact value for the heat of reaction depends on the 
temperature at which the reaction occurs. This is an extremely 
important point in combustion work, due to the high tempera- 
ture at which many of the reactions are carried out. The heat 
of reaction at one temperature may be converted to that at any 
other temperature by the equation* 

Q. = Qi + (6 — a) 72 — Ti), (10) 
where Q» is the heat of reaction in B.t.u. at 72°F. absolute, Q; is 
the heat of reaction in B.t.u. at the temperature 7,°F. absolute, 
a is the heat evolved in raising the reacting substances from 
T, to Ts, and b is the heat evolved in raising the products of the 
reaction from 7, to JT. The expression (b-a) (72-71) may be 
evaluated most readily from Fig. 49, Chap. XI, showing the heat 
content of gases at varying temperatures. For example, the 
heat of the reaction of 2CO + O2 = 2COz» is 244,800 B.t.u. at 
60°F. (15.6°C), but at 2200°F. (1204°C.) the heat of reaction, 
using the heat content chart (Fig. 49) is 

Qon0 = 244,800 + (—)(2) (24,600) — (—)(3)(15,700) 
or 
Qo209 = 242,700 B.t.u., 
where the minus signs in front of each term within the parentheses 
are due to the fact that heat is absorbed in raising the CO, Oz, 
and CO, from 60 to 2200°F. (15.6° to 1204°C.) instead of being 

*This equation follows from the first law of thermodynamics, 7.e., the 
energy change is dependent only on the initial and final states and is 
independent on the path between those states. 
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evolved; 2 equals number of mols of COs, the heat content (above 
60°F.) of which at 2200°F. (1204°C.) is 24,600 B.t.u.; and where 
3 is the number of mols of reacting substances (2 mols CO plus 
1 mol O,), the heat content of each mol (above 60°F.) being 15,700 
B.t.u. at 2200°F. (1204°C). All heats of reaction in this book 
unless otherwise noted are for constant pressure and at 60°F. 
(15.6°C.). 
TABLE XXXIX 


Heats or Reaction or Most Important CoMBusTION REACTIONS 


(B.t.u.) 
Reaction i] | 2 | 3 4 
(COR LE Os = COM a ae eee + 52,200/+ 53,200)+ 39,400/+ 15,300 
Gras Opt tCOsnase eee oho oe +174 ,600} +175 , 000} +154 , 800] +106, 600 
C + CO, = 2CO..............]— 70,200]— 68,600/— 95,800 
C+ H.0 = CO + Ho.......:.]— 70,900)— 54,500)— 96,500 
C + 2H,0 = CO, + 2Hg...... — 71,600]/— 40,400) —117,000 
CHiv="© = 2H is. wee — 36,800}— 49,600}— 69,800 


CHa + 202 = COs eHO,. 
Osi 2C el 2H eee acces 


-|-4384,,000 +340 
sat ,000)>-3 43 


, 800] +295 , 000) +198 , 600 
,300}— 13,400 


CoH, + 302 = 2COz + 2H20. .|+622,400] +578 , 700] +513 , 600) +369 , 000 
2CO + Oz = 2COz............|+244, 800] +243 , 600] +205 , 200] +157 , 000 
2H, + O2 = 2H20...........- +246 , 200] +215 , 400} +177 , 000} +128 , 800 
CO + H.O = CO. + Ha....... = 700|+ 14,100)/— 33,300 


Column 1. Heat evolved at 60°F. (15.6°C.), products cooled to 60°F, (15.6°C.) (water 
condensed). 

Column 2. Heat evolved at 1832°F. (1000°C.) with initial and final compounds at 1832°F, 
(1000°C.). 

Column 3. Heat available above 1832°F. (1000°C.) with initial compounds at 60°F. 
(15.6°C.), final at 1832°F. (1000°C.) 

Column 4. Heat available above 1832°F. (1000°C.), using air instead of Os. 

Data.—Molal heat capacities from total heat chart (Fig. 49, Chap. XI). Reaction heats 
from “Landolt Bornstein Tabellen’’ (1923 edition). Mean specific heat of carbon 
considered equal to 4.2. MC, of CHs = 7.5 + 0.002777, where T is in degrees Fahrenheit 
absolute. MC, of CoHs = 9.380 + 0.0059¢ (from Bacon and Hamor), where ¢ is in degrees 
Fahrenheit. 

Note.—Heat evolved or available indicated by plus (+) sign. 
must be supplied indicated by a minus (—) sign. 
LII (p. 205). 


Heat absorbed or which. 
Other heats of reaction are given in Table 


The heats of reaction for the most important combustion 
reactions under varying conditions are shown in Table XX XIX. 
In column 1 are given the heats evolved at 60°F. (15.6°C.), 
products cooled to 60°F. (15.6°C.). In column 2 are given the 
heats evolved at 1832°F. (1000°C.), the initial and final com- 
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pounds being at 1832°F. (1000°C.). Columns 3 and 4 show the 
heats available above 1832°F. (1000°C.), using oxygen and air 
respectively, the initial compounds being at 60°F. (15.6°C.) 
and the final at 1832°F. (1000°C.). The table shows the marked 
differences under the varying conditions. 

Reaction Equilibrium.—Many substances, when mixed in 
definite proportions, combine almost completely. For example, 
at the temperatures met with in the fuel bed, carbon and oxygen, 
if present in the proportion of 1 molof each (12 gm. orlb. of carbon 
and 32 gm. or lb. of oxygen) react quantitatively to form carbon 
dioxide according to the reaction, C + O. = CO». This type 
of reaction is called an irreversible reaction. -On the other hand, 
if 1 mol of carbon monoxide and 1 mol of water vapor are mixed, 
these substances will not react completely according to the 
equation H.O + CO = CO, + He; 7@.e., part of each mol of 
carbon monoxide and water vapor will be left uncombined. 
Furthermore, this last reaction is a reversible reaction; that 
is, it will go in either direction, depending on the concen- 
trations of the substances on the right-hand side of the 
equality sign as compared with the concentrations of the sub- 
stances on the left-hand side. However, except at the very 
highest of flame temperatures the majority of combustion reactions 
are reversible only to a very slight degree. 

If more than 1 mol of water vapor is mixed with 1 mol of 
CO, more CO, and Hy, will be formed and less CO will be left over 
than if only 1 mol of H.O were used. This effect is explained 
by the Law of Mass Action, which states that increasing the 
concentration of one of the reacting substances increases the 
amount of product that may be formed. However, in a revers- 
ible reaction, such as 

H,O + CO = COz aie He, 


no matter how much the concentration of the water vapor is 
increased, there always will be a definite relationship between 
the concentration of the reacting substances (H2O and CO) and 
the products of the reaction (CO: and Hz). This relationship can 
be expressed by the equilibrium equation: 


(Os) \(ils)) 
(H,0)(CO) 4S (11) 


where K is known as the equilibrium constant. The numerical 
value of K for any given reaction depends only on the temperature 
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and the units, and is independent of all other conditions. This 
means that at any given temperature, after the chemical reaction 
has taken place and equilibrium between all the reactants and 
products is reached, the final composition resulting from any 
initial mixture of COs, H», CO, and H.0, in the above example, 
is fixed. The numerical values for COs, He, ete. may be either 
in terms of partial pressures for each gas, as atmospheres or milli- 
meters of mercury, or they may be expressed as concentrations, 
e.g., a8 mols of each gas per unit volume of total gas. If, due to 
the reaction, there is no change in the number of gaseous mole- 
cules, then the numercial value of K is independent of the units 
of pressure or coneentration used. Otherwise, changing from 
partial pressures to concentrations always changes the numerical. 
value of the equilibrium constant K. It is usually convenient to 
express the numerical values of the components of such a reaction 
system as per cent by volume. Thus, if CO, and He are caused 
to react together and, after the reaction has ceased, equilibrium 
having been reached, the composition of the gases is 


Per Cent 
BY VOLUME 
COs gph Reig PRIS phy Bae 3 Oe ee te a 47.50 
SEs ser cysts sp S taags ce Seon SRO Te a cece eet ee 6.85 
99.99 
then the equilibrium constant may be calculated as 
COz2) (H2) 47.50) (6.85) 
secur ie \ = 0.623. 


> ((H30)(CO) a (22. 88)(23,.89) 
The numerical value of the equilibrium constant in this case is 
independent of the units used to express the concentration of the 
reacting substances and products, since in this case the total 
number of molecules does not change. Equilibrium values are 
often expressed in partial pressures as millimeters of mercury, or 
as concentrations in ‘mols per cu. ft.,* or in parts per 100 parts 
(as in the example above) and the like. 

In calculating the equilibrium constant, if more than one 
molecule of a given substance enters the reaction the partial 
pressure or the concentration of that substance must be raised 
to the power numerically equal to the number of molecules of 

* See footnote on p. 1388. 
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the substance that enter into the equation. Thus, for the reac- 
tion C + CO2 = 2CO, the equilibrium constant is written 

(Pco)* 

Pco, 
where K is here expressed in partial pressures. When the chem- 
ical reaction involves a solid the partial pressure or concentration 
of the solid is omitted, since the partial pressure of the 
solid in the gaseous phase is independent of the amount of 
solid present. If, for example, a mixture of C and CO, reacted 
together at atmospheric pressure (29.5 Hg pressure), and after 
equilibrium was reached the composition of the gas was 74 per 
cent CO and 26 per cent COs, then the equilibrium constant 
expressed in inches of mercury would be 


= K, (12) 


9 


eee) Goo 29.5) re 
FOG (=) (29.5) 


Since there is a change in the total number of gaseous molecules 
when the reaction C + CO, = 2CO takes place, it is obvious that 
K is not the same numerically when the equilibrium constant is 
expressed in atmospheres or if concentrations were used instead 
of partial pressures. . 

The final equilibrium composition of a mixture of gases depends 
also on the temperature. In other words, the value of the 
equilibrium constant K for a given system changes with tempera- 
ture and the equation approximately expressing this change may 
may be written in the form 


icg = PB (13) 


A knowledge of the constants A and B for each reaction is highly 
desirable, since the value of the equilibrium constant at any 
temperature is then known and the extent to which a mixture 
of substances can react ultimately may be calculated for the 
temperature in question. The variation with temperature of 
the equilibrium constants for the more important combustion 
reactions is given in the latter part of the chapter, under the 
specific discussion of the individual reactions. 

Rates of Combustion or Reaction Velocities.—Although some 
of the combustion reactions take place almost instantaneously, 
others require a measurable amount of time before they are 
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completed. Thus, in addition to considering the equilibrium 
of a reaction, it is also necessary to know the velocity or speed of 
the reaction. This factor is of extreme importance. If the 
absolute velocity of a reaction cannot be established, data show- 
ing the velotity relative to other reactions may be of great value. 

Reaction speed or rate may be defined as the change in con- 
centration* dC of the reacting substances in the time dt, divided 


by that time: 
' dC 

Reaction rate = — ere (14) 
From experimental studies it has been determined that the rate 
of reaction is proportional to the concentrations of the reacting 
substances raised to the power numerically corresponding to 
their coefficients in the reaction.t For example, in the general 
equation representing the reaction of the substances A and B 
to form the substances M and N: 


aA +bBe2mM + nN (15) 
the velocity of the reaction toward the right would be 


—U = ~& = b(4) (By, (16) 
the terms A and B signifying the concentrations of the reacting 
substances A and B at the time ¢, a and b being the molecular 
proportions of A and B respectively, and k, the “‘reaction rate 
coefficient,’ which is equal to the change in concentration in unit 
time if the concentrations of the reacting substances are unity. 
The actual value of k; depends on the specific reaction and on the 
temperature. If one of the reacting substances is a solid, ky 
also depends on the nature and the amount of the solid surface. 

If, as frequently happens, the reaction does not go to completion 
toward the right, the rate of the reaction toward the left is impor- 
tant and this rate is expressed as 

OMe ON 


a og =e (17) 


*In the subsequent discussion of reaction rates, concentrations are 
considered to be in mols per cu. ft. 

} The coefficients must correspond to the equation expressing the mecha- 
nism of the reaction and not to the equation that merely expresses the propor- 
tional relationship between the substances. 
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The net rate of the final reaction toward the right is then 
represented by 
dA 


ar hae ky(A)2(B)> — ke(M)™(N)*, (18) 
If, however, the reaction goes practically to completion toward 
the right, then k. becomes small in comparison with ky, and may 
be neglected and the resultant equation for reaction rate is 
equation (16). 

If the reaction is allowed to proceed until a state of equilibrium 
between the substances is reached, then the rate at which A 
is being formed just equals the rate at which A is being decomposed, 
and the net rate of change in the concentration of A becomes zero. 

Therefore, at equilibrium: 

- a = 0 = ki(A)*(B)® — ke(M)™(N)* (19) 
or 
ky (A)*(B)’ = ke (Mf) (N)” (20) 
and 
ky _ (M)"(N)" 
ke = (A) *(B)?* 
That is, the equilibrium constant K numerically equals the rate 
of reaction constant in one direction divided by the rate of reac- 
tion constant in the opposite direction, or, 
ky 
K= is 

Velocity of First-order Reactions.—When the concentration of 
only one reacting substance is changing, then only one molecule 
of the substance is required to take part in the reaction and the 
reaction is said to be of the first order. The general equation 
showing the velocity of this reaction then becomes: 


ee AG (23) 


= K (the equilibrium constant). (21) 


(22) 


or, calling C, the concentration of A when the reaction started 
and C the decrease in concentration of A during time ¢, then 
at any time the concentration of A becomes C, — C and the 


rate is represented by: 
== (Cg — (24) 


For example, the thermal decomposition of methane, 


CH, = C + 2H, 
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is a first-order process, since the concentration of only one 
reacting substance, methane, is changing and only one molecule 
of methane appears in the equation. The rate of this reaction 
may be expressed: 

O( Cons) 

dt 

where C, and C are, respectively, the initial concentration of 
methane and the mols of methane (per cu. ft.) decomposed 
during the time ¢. 

It will be noted that this equation and subsequent equations 
‘dealing with rate of reaction are not given in integrated form. 
The integration has been omitted because the result would apply 
under only one special set of conditions, the integrated forms 
usually given referring only to constant volume, constant 
pressure, and constant temperature. In dealing with combus- 
tion reactions, although they may take place at constant pressure, 
the temperature usually changes enormously as the reaction 
progresses and there is frequently a change in volume. These 
factors make integration difficult and must always be borne 
in mind in using reaction-rate expressions. 

Velocity of Second-order Reactions—When two molecules* 
react and the concentrations of both decrease, the reaction is 
said to be of the second order. For example, when water vapor 
reacts with CO in space according to the reactionT 


H.O + CO = CO, + He 
the rate of the reaction is 


_ dH,0 
dt 


= kCon, = k(Co — C) (25) 


= k (H20)(CO) (26) 


or 
_ 4120 _ _aCO 
Giaie td dt 


where Cy,. and C,, equal the initial concentrations of HO and 


= Ki Gace as CO) (Coe <= Cy (27) 


* If two molecules of the same substance take part in the reaction, as, 

for example, in the dissociation of CO: 
2CO >C + COs, 

the reaction is also of the second order, although the concentration of only 
one reacting substance is changing. 

} For purposes of illustration, assuming for the moment that the con- 
centrations are such that the composition is far from equilibrium and, there- 
fore, the reaction acts as if it were irreversible, 
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CO, and C equals the amount of H.O or CO consumed at any 
time t. 


For the general second-order irreversible reaction 


A+B—-AB 
the rate is expressed by 
dC 
a = k(C4 — C)(Cz — C). (28) 


Velocity of Third-order Reactions.—For a third-order reaction, 
v.e., one in which three reacting molecules are involved, as in 
the reaction 

aA+bB+ eH = 


Bush 


the general expression for the velocity or rate of reaction is: 


T= Ca C)(Ce— OC - C.D) 


where C4, Cz, Cz are the initial concentrations of the reacting 
substances, A, B, and C. For example, the combustion reaction 


is trimolecular, at least between 1652 and 2732°F., (900 and 
1500°C.) and since this reaction is essentially irreversible at 
these temperatures the reaction rate is written: 
dCO 
dt 


Effect of Temperature on the Rate of Reaction (Combustion).— 
The velocity of all combustion reactions increases with tempera- 
ture. In most chemical reactions taking place at room tem- 
perature the rate in general about doubles for each 18°F. (10°C.) 
rise in temperature. The increase in velocity of most of the 
combustion reactions, however, is far less, since the increase 
in rate of reaction for a given increase in temperature falls off 
markedly at high temperatures. At temperatures of about 
1800°F. (1000°C.), for example, it usually requires an increase 
of about 180°F. (100°C.), to double the rate. An empirical 
equation for change in the specific reaction rate with temperature 
is 


= k(CO)?(0,). (30) 


OEE ete es (31) 


where A and B are constants that must be determined for each 
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reaction and T is the absolute temperature. In integrated form 
the equation becomes 


2.3 log k = <8 = SL te (32) 


where C is the constant resulting from the integration. If 
the values of the constants of A, B, and C are known, it is pos- 
sible to calculate the velocity constant k for any desired tempera- 
ture. Also, if the values of k are known for three different 
temperatures, the values of A, B, and C can be determined and 
from them it is possible to calculate the value of k for any other 
temperature. 

Data on the velocities of the major combustion reactions are 
given in the latter part of the chapter. 

Influence of Diffusion on Reaction Rate——In many cases it has 
been proved that under given temperature conditions the velocity 
of a reaction between a solid and a fluid is solely dependent on 
the rate of diffusion. In such cases the reaction proceeds only 
as rapidly as the reacting substance can diffuse up to the solid 
surface. For. many of the combustion reactions we have to 
deal with the interaction of a solid and a fluid (usually a gas). 
In the reaction 

CO, + C = 2CO 


the rate of diffusion of CO: to the carbon surface, at the tempera- 
tures of the fuel bed, is greater than the velocity of the chemical 
combination and therefore chemical reaction rate and not diffusion 
is the controlling factor. On the other hand, the velocity of the 
chemical reaction 


C+ O. = COrz 


is so great that the diffusion of oxygen to the carbon surface is 
the slower and therefore is the factor controlling the speed with 
which this reaction proceeds in the fuel bed of a furnace. 

At all solid surfaces there is a relatively motionless gas film 
adjacent to the solid,* and this film offers the major resistance 
to diffusion. The thickness of this film may be decreased by 
increasing the velocity of the gas past the solid surface, the 
decrease in film thickness being proportional to a fractional power 
(usually 0.6 to 0.8) of the velocities (see Appendix I). Increase 
in velocity is often used as a means of increasing diffusion, and 

* For a detailed exposition of the subject of Fluid Films, see “ Principles of 
Chemical Engineering,” by Wanxrr, Lewis, and McApams. 
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hence the rate of reaction or combustion where diffusion controls 
(as in the reaction C + O, = CO.). 

The Influence of Surface on Reaction Rate.-—When a reaction 
takes place between two phases, as, for example, between a 
liquid and a gas, or between a solid and a gas, the rate of reaction 
is influenced by the area of the boundary between the two phases 
and by the rate of diffusion of the reacting substances. Thus, 
when gaseous oxygen and solid carbon react, the velocity of the 
reaction is limited by the area of the carbon surface exposed to 
oxygen. In Chap. IV it was pointed out that finely divided coal 
will ignite spontaneously much more quickly than coarse lumps 
of the same coal. This is due to the greater surface and conse- 
quent greater amount of oxygen that can react with the fine coal 
in a given time. 

On account of the influence of the solid surface, in combustion 
reactions dealing with solid carbon it is desirable to refer to the 
solid phase, rather than to the gas, as was done in the previous 
discussion of specific reaction rates. It is, therefore, convenient 
to define the specific surface reaction rate k, as the pound-mols 
of carbon reacting per unit of time per unit volume of container per 
sq. in. of solid surface when the concentrations of the reacting 


: k 
gas are equal to one mol per cu. ft. That is, ks = iT where A 


is the area of carbon surface per unit volume of container, * 
and k is the specific reaction rate toward the right. 

For a given temperature k, is independent of the s7ze of particle, 
but is greatly influenced by the character of the surface. For 
example, k, for the reduction of CO2 by lignite or charcoal is 
much greater than for the same reduction by graphite or diamond, 


*If A is defined as the square inches of carbon surface per 1000 cu. in. 
of container volume, then 

A = (number of particles, n, per 1000 cu. in. of container volume) 

X (area of each particle). 
1070 
a ar 
d is the diameter of the particle in inches and the particles are 

assumed spherical. 


(see reference 4) and the area of each particle = wd?, where 


Then 3360 
1070 36 
ee on ae i 
and, 
ee ee 00208 diy. (34) 
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since the surface of these latter forms of carbon is relatively 
inert. 

The main use of the conception of a specific surface reaction 
rate is to determine the change of specific reaction rate from one 
size particle to another. Since k, is a constant independent of 
particle size, 


k, = 0.00298dik1 = 0.000298dsk" (35) 
or 
tay 
ki = oh (36) 


where d; and d, are the diameter in inches of the particles. For 
example, if the specific reaction rate for a 2-in. particle is known, 
and it is desired to determine the rate for a 0.5-in. particle, then 
the specific rate of reaction for 0.5-in. particles is four times as 
great, since 

2 
0.5 

Catalysis.—All gas reactions are greatly speeded up by contact 
with hot surfaces, z.e., hot surfaces act as catalysts. It is gener- 
ally accepted that the function of such catalysts is to adsorb 
(that is, concentrate on the surface of the solid) the reacting 
gases. The reaction in the adsorbed film of concentrated gas 
in accordance with the principles discussed above under Reac- 
tion Velocity is much more rapid than in the main body of the 
gas where the concentrations of the reacting substances are lower. 
Gas reactions which take place slowly in space proceed much 
more rapidly when the reactions are carried out in contact with 
the hot walls of the containing vessel. In addition to the general 
speeding up of combustion reactions by contact catalysis, which 
influences all gas reactions that take place in contact with hot 
surfaces, it is well known that materials such as platinum, nickel, 
ferric oxide, etc. act as specific catalysts for certain reactions, 
particularly at lower temperatures (in general, up to about 
950°F., or 500°C.). At high (incandescent) temperatures this 
selectivity disappears and one surface is as good a catalyst as 
another. Fire brick, for example, is a good catalyst at temper- 
atures of incandescence. 

The presence of water is essential for the progress of anumber of 
reactions. Thus CO and Os, if dry, will not explode, though the 
mixture becomes explosive as soon as a trace of water is admitted. 
The presence of this small amount of moisture apparently acts 


kos = Koo = 4ko0. (37) 
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as a kind of catalytic percussion cap in starting the reaction. 
The mechanism of the process is, however, but little understood. 


THE EQUILIBRIUM AND THE VELOCITY OF THE COMBUSTION 
REACTIONS 

The remainder of this chapter is devoted to a discussion of 
the individual combustion reactions tabulated on page 137. The 
discussion of each reaction is divided into two parts, (a) the 
equilibrium of the reaction, and (b) the reaction velocity, or 
speed of the reaction (combustion). 

1. Reaction C + O, = CO, + 174,600 B.t.u.—(a) Equilibrium. 
The equilibrium constant K for this reaction is represented by: 


- _ (COs) 
(Oz) 
and varies with the temperature according to the equation* 
logio K = si — 0.300 log T + 7.89 X 10-57 


eh LO 0.8930 (58) 


where K is in terms of partial pressures of COs and Oz in atmos- 
pheres (where one atmosphere equals 14.7 Ib. per sq. in. or a 
column of mercury 760 mm. high) and T is the temperature in 
degrees Fahrenheit absolute. Calculated for 1650°F, (898°C.) K 
equals approximately: 
CO 
(O2) 
That is, in the equilibrium mixture at this temperature, there 
is 3.5 < 1017 as much carbon dioxide as oxygen present. In other 
words, since only an infinitesimal amount of oxygen, namely 


3 (COz) 2 —16(CO,) 


can exist in contact with carbon at 1650°F. (898°C.), this reaction 


* This and subsequent equations showing the variation of K as a function 
of temperature are expressed in terms of degrees Fahrenheit absolute. If 
it is desired to express these equations in terms of degrees Centigrade 
absolute the following procedure should be used: (1) terms in which the 
reciprocal of 7’ appears should be multiplied by 1.8; (2) terms in which 4p 
to the first power appears should be divided by 1.8; (3) terms in which 7” 
appears should be divided by (1.8),? and (4) terms in the form (Constant X 
log. T°F. absolute) should be changed to (Constant < log T°C. abs. 13 Con- 
stant X log 1.8). These equations are calculated from the data given by 
Lewis and RANDALL. ® 


= 3.5 X 10!”. 
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may be considered to be irreversible at the temperatures occurring 
in the fuel bed of a furnace. 

(b) Velocity.*—The expression for the velocity at which this 
reaction (disappearance of oxygen) takes place may be written 


dC 
ap = BC — ©), (39) 


where (, represents the initial concentration of oxygen and C 
the oxygen concentration at the time ¢. 

Information on the speed or velocity of this reaction is not 
complete, although, as near as can be told, the reaction is sub- 
stantially instantaneous at temperatures above 1800°F. (982°C.). 
From the data of Rhead and Wheeler® relative velocities at low 
temperatures are: 


RELATIVE 

TEMPERATURE VELOCITY 
662 7H (S50 °C.) sae ieate & occ stcte anes tone PAR eee bese entero eee 1 
YES A CO AO esa tine Ae fy eyes Soca tee oO eres 10 
O32 oT (H00LG.) eee cee ce ae eee eee Coa ee eee ieee 400 


In the above table the speed of the reaction at 662°F. (350°C.) is 
taken as equal to 1 and the speeds at the other temperatures are 
relative to the speed at 662°F. (350°C.). The rapid increase 
is apparent and the view that this reaction is substantially 
instantaneous at 1800°F, (982°C.) or above does not seem 
unreasonable. 

2. Reaction C + CO, = 2CO — 70,200 B.t.u.—(a) Equilib- 
rium.—The equilibrium constant K for this reaction, written 


ee tele hp. 
I Sa 
arvana’ ey 
varies with temperature according to the equation 
16,060 
login K = ——4,— + 2.46 log T — 6.0 X 10-47 + 3.43 X 


10-°7? + 2.15, (40) 
where 7’ is the temperature in degrees Fahrenheit absolute, and 
K is in terms of the partial pressures in atmospheres of CO and 
COz in the equilibrium mixture. The values of K from Rhead 
and Wheeler’s> data, for temperatures from 1500 to 2200°F. 
(815 to 1204°C.) are plotted in Fig. 38. The percentages of 
CO and CO: in the equilibrium mixtures at temperatures ranging 


* For further information regarding the velocity of this reaction see Chap. 
Salil 
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from 800 to 2000°F. (427 to 1093°C.) are plotted in Fig. 39, 
showing the large amount of CO, at 800°F. (427°C.) and the pro- 
gressive decrease in CO, content of the gases until at 1750°F. 
(954°C.) only 1.3 per cent of CO, can remain when the gases 
finally attain equilibrium. The change is seen to be particularly 
rapid between 1100 and 1400°F, (593 and 760°C.). 


5,000,—— 


1 | T | a 
Reaction: C+ CO, =2C0 
2,000 =! ee + 
100 
500 
(coy 
00, 
200 
100 
50 
20 
10 | ross 
1400 1500 1600 1700 {800 1900 2000 2100 2200 2300 2400 
Temperature, deg. fahr. 
Fic. 38.—Change with temperature of the equilibrium constant for the reaction 


C + CO2. = 2CO. Carbon as graphite. 


(b) Velocity.—From Fig. 39 it can be seen that the reaction 
is not complete over a wide range in temperature, 850 to 
1750°F. (454 to 954°C.). The upper part of this range is par- 
ticularly important in combustion work. In this temperature 
range the COs: in contact with carbon is not completely consumed, 
due to the fact that two reactions are taking place, the reduction 


of COs, 
Co, + C — 2CO, (a) 
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which is quite rapid, but which takes place at a measurable 
rate, and the dissociation of CO into C and COs, 

2CO — C + COs, (b) 
which, at these temperatures, is slow compared to the rate of 
reduction (reaction (a)). For example, Rhead and Wheeler’s® 
experiments have shown that at 1562°F, (850°C.) reaction (a) 
goes 166 times as fast as reaction (0). 


2000 = Fi —4 


1800 —— ara 
Equiltbrium Mixtures 
of CO and C02 

800°F to 2000°F 


1400 


Temperature, deg. fahr. 


1200 


1000 


J 20 40 60 80 100 %CO, 
100 80 60 40 20, 0 %CO 


Fic. 39.—Percentages of CO and CO: in mixtures of these two gases in equi- 
librium with carbon at various temperatures. 


The rate of reduction of CO, by carbon to CO is extremely 
important commercially and its rate has been determined by 
Clement, Adams, and Haskins,’ who used solid carbon in the form 
of coke, charcoal, and anthracite. The reaction rates, k; and 
ky for reaction (1) above, may be written:* 


a = k,(COe) — ke(CO)?, (41) 


* Small k; is used in this chapter as the velocity constant for a reaction 
going in the direction of left to right as written. Small ks is the velocity 
constant for the reaction going in the reverse direction, .e., from right to left. 
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where (CO) and (CO) are the concentrations of carbon monoxide 
and dioxide in pound-mols per cu. ft. at the time ¢; k, and ke 
are the specific reaction rates toward the right and left respec- 
tively. The values of ki for 5-mm. solid particles of carbon at 
different temperatures are given in the following table: 


TABLE XL 


VALUES OF ki ror Reaction C + CO, = 2CO wirn Dirrerent FoRMS OF 
CARBON 


ky (for particles of 5 mm. dia.) 


Temperature 


Charcoal | Coke Anthracite 
LAZO hen SO00; Ceres =. cers ots 2 0.021 
A cv OF FLEE ESTO Oh CA it te eee 0.159 0.0023 
LEYS ARG NCO OR CANE Seetich oe clita ae: 0.629 0.023 
SOHO Vel TOO? Caan wee me oa Le 1.530 0.134 0.119 
DLO waCl200 Galeries eee a. ck |i ss 0.410 0.237 
PEST AOVALEY UTE COs G8) oe, <r, i eee | 1.48 0.579 


An example of the method of calculating the amount of reduc- 
tion of CO, that may be expected under a given set of conditions 
is given below: 

Suppose it is desired to estimate the percentage of CO formed 
by keeping pure CO, in contact with 5-mm. coke particles for 2 
sec. at 2190°F.(1200°C.). At this temperature the velocity of 
the reaction 

2CO — C + COrz 


is extremely slow and kz therefore may be neglected. The reac- 
tion rate expression then becomes: 


eC 
ea = bi(CO2). (42) 


Now let 
xz = the fraction of CO in the gas at time ¢. 
m = the fraction of CO: in the gas at the start (¢.= 0). 
k, = the specific reaction rate* = 0.410 at 2190°F.(1200°C.). 
t = the time in seconds. 
* Numerical values of /; for this reaction are independent of the units in 


which the concentration of CO, is expressed if the same units are used for 
CO, and CO. 


I| 
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Then the reaction-rate equation becomes:* 


dx : ‘Us eA! 
i ia Ia( m A x) (43) 
On integration this expression seers 
2.3 
Nieegs eee s | 4 
2 Dai 


where C is a constant of integration. The numerical value 
of C may be determined by substituting in the equation the 
proper values when ¢ = 0. In the case under consideration 
m equals 1 and « =0 when ¢=0. Then, by substitution, 
2.3 1 
Lae aa as pe 
ie oo 
0 = 2.3 log f--¢ 
and since log 1 = 0, C = 0. 
The general expression, therefore, is: 


2.3 1 
kit = 74g, log (,=s,) (45) 
SS i = 9 


Solving for x when ¢ = 2 sec. 


fai s< ) = 


2.3 1 < L 
0410 X 2 = Flog aes) = 2.3 logs =— 
2 oak 
0.410 X 2 1 
SoG. a = log poe =.0.356 

1 
19 97 
eae 27 
x = 0.56. 


That is, if COs is passed through a bed of 5-mm. coke particles 
at 2190°F. (1200°C.) at such a gas velocity that the time of con- 
tact is 2 sec., the resultant gas will contain} 56 per cent of CO. 

The values of k, given in the table above vary with tempera- 
ture according to the equation :{ 


A 
2.3 log ky = ae 1 Bae Ce (82) 


* See U. 8. Bur. Mines, Bull. 7, p. 22 (1911) for derivation. 

} The actual value observed in the Bureau of Mines experiments under 
these conditions was 55 per cent CO. 

t See p. 148. 
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where T is expressed in degrees Fahrenheit absolute; the approx- 
imate numerical values for the constants of this equation are 
given in Table XLI. 
TABLE XLI 
VARIATION WITH TEMPERATURE OF CONSTANTS FOR DETERMINING RATE OF 
Reaction C + CO; = 2CO ror 5 Mm. ParriciEes 


Constant Charcoal Coke Anthracite 
A —91,700 —85,100 +57 ,400 
B — 0.0113 —(0.00539 + 0.0126 
C +65 .38 +45.60 —56.61 


With the aid of these values of A, B, and C, it is, of course, 
possible to calculate k; for any desired temperature and then 
from the actual concentrations of CO. and CO, calculate the rate 
of reduction. 

Since the above values for k; were all obtained for the same 
size particles (5-mm. diameter) the ratios of k, for the different 
modifications of carbon will give directly the ratios of the values 
of k,, and hence the relative ease with which these carbonaceous 
materials will reduce CO, to CO. The values of these ratios at 
1750 and 2000°F. (955 and 1094°C.) are given in the following 
table: 

TABLE XLII 


RevativeE Rates or Repucrion or CO, with Cokr, ANTHRACITE, AND 
CHARCOAL 


Relative rate of reduction 


1750°F. (955°C.) | 2000°F. (1094°C.) 


GHAI. terete a ie ee 1 1 
INTONTENOT ICIS Mes pe Rea oe ; 29 1 
SPRATUO Testy gre nani. Riis ue Rie | 69 12 


a ee ll ee 
These differences in the rates of reduction are also brought out 
in Fig. 40, in which, for each of the three types of carbon, the 
per cent of CO (Bureau of Mines experiments’) formed from 


CO, in 1 sec. is plotted against the temperature. The plot 
shows the large percentages of CO produced from charcoal at 
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temperatures at which coke and anthracite have relatively little 
reducing power. 

It was shown on page 145 that the ratio of the two specific 
reaction rates kr and ky is equal to the equilibrium constant 
Ics, 
ss = K (the equilibrium constant). 

i) 

From this it would appear possible to combine the values of ky 
determined by Clement, Adams, and Haskins with the values of 
the equilibrium constant K determined by Rhead and Wheeler, 


100 
Per Cent CO Formed from 
CO, and Carbon 

80 VS: 
ne Temperature, deg, fahr. 
5 Time of Contact, 1 second 
to 
Ss 60 
2 
= 
5 40 
Le 
° 
VU 

20 


1400 is 1800 §=1900 §=2000 »=2100 3=6s 2hROD-—-s«2300 = 2400 
Temperature, deg. fahr. 


Fia. 40.—Percentages of CO formed from CO: in contact wish various types of 
earbon for 1 sec. at temperatures from 1400 to 2400°F. 


thus calculating k, the rate of decomposition of CO. This 
is impossible, however, because the decomposition of CO yields 
only one kind of carbon (lampblack) and the values of ky 
have been shown to vary greatly according to the type of carbon 
used. Since k; and ke in this case would refer to different forms 
of carbon, the calculated values of the reaction constant ky» 
would be meaningless. 

3. Reaction 2C + O2 = 2CO + 104,400 B.t.u.—This equation 
is often used to express the final result of two combustion 
reactions. 


First stage C+ O2 = CO, (1) 
Second stage CO, + C = 2CO (2) 


Final result 2C + O2 = 2CO (3) 
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The direct formation of CO from carbon does not take place 
in most combustion work, although CO may be formed to a very 
limited extent in certain cases. This reaction will not be dis- 
cussed further, since it is usually the result of reaction (1) 
followed by reaction (2). 


1000000 


50000 


| | 
‘React 


200,000 


100,000 


1,000 
2000 2100 


2400 2500 2000 2100 2800 2900 3000 
Temperature, deg. fahr. 


2200 2300 


Fic. 41—Change with temperature of the equilibrium constant for the reaction 
CO + 02 = CO: 


4. Reaction 2CO + O, = 2CO, + 244,800 B.t.u. (a) Hqui- 
librium.—This reaction is extremely important commercially, 
and is further discussed in Chap. IX. The equilibrium 
constant may be expressed by 

pe ee AO O2)F 
co Oy) 
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or, extracting the square root of both sides of the equation, 
(CO2) 
COO.) %, 
Values of the equilibrium constant* in this form are plotted 
against temperature in Fig. 41. The concentrations of the gases 
in this case are also expressed as partial pressures of the gases in 
atmospheres. The equilibrium constant K varies with Lot dal 
ture according to the equation 


log K = ra 1:38-log -7" +- 3.59 *X1A06* T, 


7 
— 2.09 X 10-®T? — 0.586, (46) 
where T is in degrees Fahrenheit absolute. 

Figure 41 clearly shows the preponderance of CQO: in the 
equilibrium mixture until very high temperatures are reached. 
That is, the dissociation of CO, into CO and Oz is very small, 
except at very high temperatures (0.014 per cent at 2050°F. 
and 0.4 per cent at 2800°F.). <A flue gas containing 10 per cent 
CO, would be only about 3 per cent dissociated at 3000°F. 
(1648°C.), if there were no excess Oo. In other words, in most 
cases encountered in combustion work there can be little or no 
free CO if there is any excess O, (unless the CO and O, have 
been chilled to a low temperature before combustion was 
completed and equilibrium reached). 

(b) Velocity.—This reaction takes place with extreme rapidity, 
and although its rate relative to the rates of other combustion 
reactions is fairly well known, absolute values of the specific 
reaction rate have not been determined. The general expression 
for the rate of the reaction is 


“= = ky(CO)2(0:), 


since it has been shown? that the reaction is trimolecular between 
1650°F. (900°C.) and 2730°F. (1500°C.) (7.e., temperatures inside 
combustion chambers). This reaction is slower than either: 
C+ O2 = CO, (1) 
or 2H. + O2. = 2H,0. (5) 
The ratio of the rate of combustion of CO to the rate of com- 


ke 
bustion of H, is approximately 
Hy 


burns only about one-third as fast as Ho. 


= 0.35. In other words, CO 


* From the data collected by Lewis and RANDALL. 
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5. Reaction 2H, + O. = 2H,O + 246,200 B.t.u.—(a) Hquilib- 
rrum.—The equilibrium constant for this reaction is written: 


ceo 
RL (aN 


10! 


Reaction: 2Hy + 02=2H0 


3 
apo 2100 2300 2500 2100 2900 3100 3300 3500 3700 3900 
Temperature, deg, fahr 


Fia. 42.—Change with temperature of the equilibrium constant for the reaction 
He + %O2 = H:0. 


or, extracting the square root of both sides of the equation, 
(H20) 
K =— va 
(H2)(O2) # 
The variation’ of values of the equilibrium constant K with tem- 
The concentrations of 


perature is shown by the plot (Fig. 42). 
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the gases are again expressed as partial pressures in atmospheres. 
The constant K varies with temperature according to the 
equation 


bh OSD 
log K = 7 


— 0.472 log T — 2.00 X 10-47 + 
2.49 x 10-8T? — 0.735, (47) 


where 7’ is the temperature in degrees Fahrenheit absolute. 

As in the preceding reaction, only small amounts of hydrogen 
and oxygen are present in equilibrium mixtures at temperatures 
below 3000°F. (1650°C.). That is, water vapor is very little 
dissociated into gaseous hydrogen and oxygen except at very 
high temperatures. For example, at 3190°F. (1755°C.), it is 
only 0.37 per cent dissociated. 

(b) Velocity.—Although absolute values of the velocity of 
this reaction have not been determined, it is known that the 
reaction is extremely rapid. As already mentioned, it has been 
found® that the combustion of hydrogen* takes place 2.86 times 
as fast as the combustion of CO. At low temperatures the 
velocity of this reaction is greatly increased by the presence 
of hot solid surfaces. 

6. Reactions C + H,O = CO + H, — 70,900 B.t.u.—(a) 
Equilibriwm.—The value of the equilibrium constant K for this 
reaction is written 
- _ (CO)(H2) 

Sass ‘(H20) 
and values’ of K over the temperature range from 1200 to 2700°F. 
(649 to 1483°C.) are shown in Fig. 43. Over the temperature 
range covered in the plot, K varies approximately according to 
the equation 


log K = — 11,800 


+ 7.18, (48) 


where 7' is the temperature in degrees Fahrenheit absolute. The 
concentrations of the gases are given in partial pressures in 
atmospheres. There is a rapid decrease in the amount of unde- 
composed water in equilibrium mixtures at the high tempera- 
tures, particularly above 1800°F. (981°C.). 

(b) Velocity.—This reaction is important in the formation of 
water gas but below 1650°F. (900°C.) is so slow as to be 


* See also Chap. IX. 
t See also reaction (7) below. 
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practically non-existent.°. At temperatures above 1650°F. 
(900°C.), however, the reaction is relatively fast. If the velocity 
constant of this reaction is taken as k= 1, the velocity constant 
of the reaction, 


G+ CO; = 2C0 (2) 
500 — ig aesmea : 
200 =| 
1000 | < 4 
500 eachon: | | vy 
l,0+C=CO+H, 
jee) ae 
AGO | - 
200 — ae t— Wie 
100 r — ai Se 
K 
50 | | | Reaction: _| 
0-40-40, 
je COL). 
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10 , 
E Zal 
2 {| ae 
iA 


\960 00 }§=6f300-~Ss «(500 )»=— 700-)=Ss:«1900)3s 2100 )= 2300 )3=62500 2100 2900 
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. 43.—Change with temperature of the equilibrium constants for the reactions 
ae H.O = CO + He and 4C + H20 = 1¢CO: + He. Carbon as graphite. 


is 2.18, or the reduction of CO by a given carbon takes place 
approximately 2.18 times as fast as the reduction of water vapor 


to CO and Hz, by the same carbon. 
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7. Reaction C + 2H,O = CO, + 2H, — 71,600 B.t.u.—This 
reaction always occurs with reaction (6) and the two must, 
therefore, be considered together. 

(a) Equilibrium.—The equilibrium constant for this reaction 
is written: 
xr — (C02) (HL)? 

(H20)? 


or, extracting the square root of both sides, 


_ (CO)* (Hi). 
m= H.O 


Values of K in the latter form are shown in Fig. 43, for tempera- 
tures from 900 to 2700°F. (482 to 1483°C.). The concentrations 
of the gases are expressed as partial pressures in atmospheres. 
At low temperature the equilibrium constant for this reaction is 
much greater than the equilibrium constant for reaction (6). 

(b) Velocity—Both reactions (6) and (7) take: place at the 
carbon surface and are, in general, monomolecular (of the first 
order), z.e., the rate is proportional to the first power of the 
concentration of the water vapor.* The velocity of reaction (7) is 
measurable at temperatures above 750°F. (400°C.), and is fast 
compared to reaction (6) up to 1650°F. (900°C.). Above 1650°F., 
the rates of reactions (6) and (7) are about equal. 

When steam reacts with carbon the following reactions go 
on practically simultaneously. 


K 


GaleeH Oia e is (6) 

C + 2H,O = CO, + 2H: ; (7) 
and 

C+ CO, = 2CO. (2) 


* Several theories have been advanced to explain why reaction (7) is 
monomolecular when apparently two molecules of water take part in the 
reaction. -For example, reaction (7) is equal to reaction (6) followed by 
reaction (8): 


Cc -+ H.O =CoO + HH, (6) 
Adding, C +2H.0 = COs + 2H.. 


Reaction (8) is very susceptible to catalysis and takes place most readily 
on the surfaces of solids. It is possible that CO from reaction (6) may be 
adsorbed on the carbon surface. Interaction may then take place between 
the adsorbed CO and H,0. 
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Consequently, all three must be considered together. To sum 
up the relative velocity data concerning these reactions, it may 
be said that considering the rate of reaction (7) as unity, 
at temperatures below 1650°F. (900°C.), reaction (6) is practically 
non-existent, and the velocity constant of reaction (2) is 2.0; 
at temperatures above 1650°F. (900°C.), the relative velocity 


constants of reactions (6) and (7) are 1.0 and that of reaction 
(2) is 2.18. 
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Fria. 44.—Change with temperature of the equilibrium constant for the reaction 


CO + H:0 = CO: + H2. 


8. Reaction CO + H.O — CO, + Hy — 700B.t.u.—(a) Hqui- 
librium.—The equilibrium constant for this reaction* is 
expressed: 

(COs) (Hz) 

(CO) (H,0) 

and varies with temperature’ as shown in Fig. 44. Over the 
temperature range shown in the plot, K varies according to the 
equation 


K= 


login K = 04 _ 0.91 log T + 5.39 X 10“T 


— 4.58 x 10-°72-+ 0.114, (49) 
where 7 is degrees Fahrenheit absolute. This figure shows: (1) 
that increasing temperature increases the proportion of CO in 


_ * Often called “the water-gas reaction.” 
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the equilibrium mixture, and (2) that an excess of steam will 
tend to depress CO formation. 

(b) Velocity.—This reaction is practically instantaneous above 
2700°F., (1492°C.) but is relatively slow below 1650°F. (900°C.). 
In between these temperatures ‘‘frozen equilibria’? may be 
obtained, i.e., after the four substances CO, H.O, COs, and He 
have reacted at a high temperature and 
have come to equilibrium, the proportions 
of the various components only change with 
temperature very slowly if at all, so that 
on quickly cooling down an equilibrium 
mixture the proportions of the different 
gases undergo little change. 

This point is illustrated"! by analyses 
taken from the various portions of a Bun- 
sen flame separated as shown in Fig. 45. 
The inner cone a burns quietly at the top 
of the burner tube, and the outer cone b 
burns at the opening of the glass tube. 

The analysis of gas taken from the space 
between the two cones shows that the 
value of 


Glass Tube 


_ (CO) (He) 
~ (CO)(H20) 
is the same, irrespective of the position 
a from which the sample is withdrawn. 
-Burner-lvbe Therefore, although the gases cool several 
ie ee hundred degrees between a and b, the equi- 
“lamp. __ Librium reached in the inner cone of the 
flame readjusts itself so slowly that the com- 
position of the gas is unchanged during the cooling period. 
The rate of this reaction is very susceptible to catalysis, particularly 
by materials containing iron oxides. This point is of considerable 
technical importance, both in the manufacture of hydrogen and 
in the production of water gas. 
Review of the Individual Combustion Reactions.—The major 
reactions involved in combustion processes are: 


K 


COz + C = 2CO — 70,200 B.t.u. (2) 
2C + O2 = 2CO + 104,400 B.t.u. (3) 


2CO + O. = 2CO. + 244,800 B.t.u. (4) 
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2H. + O2 = 2H,0 + 246,200 B.t.u. (5) 
C + H.0 = CO + Hz — 70,900 B.t.u. (6) 
C+ 2120 = CO, + 2H, — 71,600 B.t.u. (7) 
20 
pas Seng ae 
\8 “Fi 
| wy 1500 
: & OY 102 
l6 A = 
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Fiq. 46.—Change with temperature of the equilibrium constants of the most 
important combustion reactions. Carbon as graphite. Partial pressures 
in atmospheres. 


In any reaction which liberates heat, the equilibrium is dis- 
placed to the left with increasing temperature. T his can be seen 
from an inspection of Fig. 46, in which the variations of the 
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equilibrium constants of the various reactions are plotted against 
temperature. * 

Reaction (1) goes practically to completion to the right at the 
ordinary temperatures in the fuel bed of a furnace. COs, 
however, at the high temperatures of flames (above 2700°F.) 
(1483°C.) is slightly dissociated into CO and Oz (reverse of reac- 
tion (4)); this dissociation increases with increasing tempera- 
ture. CO is very stable and is only slightly dissociated into C 
and O, even at the exceedingly high temperature of 4500°F. 
(2482°C.). Reaction (2) goes almost completely to the right 
above 1800°F. (982°C.); that is, at high temperatures the equilib- 
rium mixture is practically all CO, although at low tempera- 
tures (around 900°F. (482°C.)) CO2. reacts with carbon only 
slightly. Water begins to dissociate into hydrogen and oxygen 
at about 2400°F. (1315°C.), but the dissociation is small until 
after the temperature of 3100°F. (1705°C.) is reached. Reac- 
tions (6) and (7) always go together, and neither reaction takes 
place alone; the CO. formed by this latter reaction interacts 
with excess carbon according to reaction (2). Reaction (8) is 
important in the combustion of gaseous fuels, and with high 
temperatures tends to form greater proportions of CO. 
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CHAPTER IX 
THE COMBUSTION OF THE ELEMENTARY FUELS 


As pointed out previously, the various fuels differ greatly in 
both physical and chemical characteristics. Not only are there 
solid, liquid, and gaseous fuels, but each fuel within these general 
groups is made up of many components. Although the number 
of compounds existing in coal or petroleum is uncertain, it is 
known that they number in the hundreds. Fortunately, how- 
ever, from the standpoint of combustion these various compounds 
can be divided into three classes and the individual compounds 
partake of the characteristics of the class. For example, while 
all hydrocarbons burn somewhat differently from one another, 
the heaviest and most unsaturated having the greatest tendency 
to decompose on heating, still, from the standpoint of combustion, 
such a great similarity exists that all hydrocarbons may be 
considered as belonging to a single class. In the same way we 
have different solid carbonaceous fuels, such as charcoal and coke 
from various sources, but all these may be considered in the same 
class. Here again minor differences occur that are peculiar to each 
fuel; for example, charcoal burns much more freely than coke. 

Therefore, all the various complex fuels may be considered 
as mixtures of three simple or elementary fuels: (1) solid carbon, 
(2) gaseous hydrocarbons, and (8) a mixture of carbon monoxide 
plus hydrogen. Sometimes the complex fuel is a simple mixture 
of the elementary fuels, as coal gas, which is essentially a mixture 
of the two elementary fuels, (2) gaseous hydrocarbons and (3) 
carbon monoxide plus hydrogen. With other fuels, however, 
the three simple or elementary fuels come into existence only 
when the fuel is burned, but the decomposition of the complex 
fuel into the elementary fuels occurs before actual combustion 
starts. Coal is an example of this latter type of fuel. When 
coal is fed into a fire it is first distilled, giving off gaseous hydro- 
carbons, carbon monoxide, and hydrogen, leaving behind a 
residue of solid carbon, coke. The combustion of coal is, there- 
fore, first, the separation of the complex coal into its elementary 
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fuels and, second, the combustion of all three elementary fuels. 
Another example of the transformation of a complex fuel into 
an elementary fuel is encountered in the burning of fuel oil, which 
volatilizes into the elementary fuel “gaseous hydrocarbons” 
before actual combustion. When, however, the fuel oil is burned 
with a smoky flame an additional process takes place to a greater 
or less extent; the complex fuel oil is decomposed (‘cracked”’) 
into the elementary fuels (1) solid carbon and (2) hydrogen, pre- 
vious to combustion. The separation of the complex fuel into the 
elementary fuels may take place either before the final combustion 
of the elementary fuels or simultaneously with it. Carbon mon- 
oxide and hydrogen have been grouped together primarily because 
industrially they usually occur together and, as will be shown 
later, burn similarly. 

In addition to the three elementary fuels, almost all of the 
complex fuels contain inert material. For example, coal contains 
ash and moisture, while producer gas has a large percentage 
of nitrogen (N2) and a smaller amount of carbon dioxide (COx). 
In almost all cases the character and the amount of these inert 
materials greatly affect the suitability of the fuel and its method 
of handling. 

After the complex fuels are separated into the three elementary 
fuels, it is easy to see that the number of important chemical 
reactions by which they may burn are relatively few. The ele- 
mentary fuels either (1) burn directly with the oxygen of the air, 
(2) change their character by reacting with water vapor, or (3) 
decompose thermally into other elementary fuels before final 
or complete combustion. The first type of combustion reaction, 
direct burning, is illustrated by the equation expressing the 
combustion of hydrogen with air, 

2H». + O2 + 3.76N2 = 2H2O0 + 3.76No. 
The second type, change of character by interaction with water 
vapor, is illustrated by the reaction of steam on hot coke, chang- 
ing the elementary fuel, solid carbon, over to the elementary 
fuel, CO plus Ha, 
C+ H.0 = CO + Ho. 


The third type of reaction, thermal decomposition of an elemen- 
tary fuel into other elementary fuels, is illustrated by the reaction 
for the cracking, or thermal decomposition, of ethylene, 


CoH, + heat = 2¢ + Da eiloy. ’ 
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In all cases the final result usually desired is the complete and 
economical interaction of the elementary fuels with oxygen 
from the air. 

The breaking down of the complex into the elementary fuels 
and their combustion are shown in Table XLII, together with 
the essential chemical equations by which these changes are 
brought about. 


THE MECHANISM OF THE COMBUSTION OF (1) SOLID CARBON 
(2) GASEOUS HYDROCARBONS, AND (3) CO PLUS H, 

Since from the standpoint of combustion all the complex fuels 
may be considered as mixtures of the three elementary fuels, 
(1) solid carbon, (2) gaseous hydrocarbons, and (3) carbon mon- 
oxide and hydrogen, the various theories that have been advanced 
to explain the mechanism of the combustion of these three 
elementary fuels and a summary of the most widely accepted 
opinions are of value. 

1. The Mechanism of the Combustion of Solid Carbon.— 
During the past 50 years the three main theories that have been 
advanced to explain the way in which solid carbon reacts with 
oxygen have been: (a) that COs is the first product of combustion 
of carbon, (b) that CO is the first product, and (c) the modern 
view that a complex compound of carbon and oxygen is formed, 
which breaks down to give both CO, and CO, the relative amounts 
being determined by the temperature. 

(a) The Carbon Dioxide Theory.—One of the early views 
regarding the mechanism by which solid carbon burns was that 
CO, is the initial product of combustion, according to the 
equation: 

C + O2 = COr. (1) 
Any CO formed was supposed to result as a secondary product 
from the reaction of the dioxide with carbon 

C + CO, = 2C0. (2) 
This theory was based mainly on the fact that a diamond (pure 
carbon) when strongly heated burns to CO, without any visible 
flame and was apparently further substantiated by the dis- 
covery of Smith! that moist oxygen which has been absorbed 
by carbon at 10°F. (—12°C.) is evolved as CO2 when the carbon 
is heated to 212°F. (100°C.). 

(b) The Carbon Monoxide Theory.—Widespread doubt as to 
the validity of the carbon dioxide theory began when Sir Lowth- 
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ian Bell? brought out evidence tending to show that CO ‘is the 
first product of the reaction between carbon and oxygen. Bell 
based this concept mainly on the fact that samples of gas taken 
just above the tuyéres (where air is admitted) of a blast furnace 
contain much more CO than CO». For example, two of the 
samples analyzed by Bell had the following composition: 


TABLE XLIV 


ANALYSES oF GAS FROM TUYERES OF A BuasT FURNACE 


Sample 1, per cent | Sample 2, per cent 


COS er teens sre ekege ten or gy eee ae 0.76 0.8 
Co. 37.60 33.3 
Hiseage tie cent Ree | ON ae 0) 
Nig Megs steric ay at ee re ope 61.64 64.9 

100.00 100.0 


According to this concept, CO is the first product of the reac- 
tion, and any CO: is the result of subsequent combustion of the 
CO with oxygen. 

Further evidence in support of this view was brought out by 
C. J. Baker.? He repeated the experiments of Smith! and found 
that, although moist oxygen absorbed by charcoal at 10°F. 
(—12°C.) is evolved at 212°F. (100°C.) as COs, carefully dried 
oxygen absorbed by dry charcoal is driven off only very slowly below 
842°F. (450°C.). Above this temperature the gases evolved are 
mainly CO. This CO could not have been formed by the reduc- 
tion of initially formed COs, since CO, cannot be reduced to CO 
by carbon at this temperature. 

H. B. Baker* found that when pure carbon is heated in a 
closed vessel with dry oxygen, the carbon does not glow while 
combining with dry oxygen as it does if moist oxygen is used. 
Furthermore, the gases resulting from such combustion always con- 
tain both CO and COs, even if a large excess of oxygen is present. 
Baker also found that pure, dry CO, is not reduced by dry char- 
coal, even at red heat. On the other hand, this same charcoal 
will give off CO principally if it is heated in dry oxygen. The 
analyses of some of the gases obtained in this experiment are 
given in the following table: 
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TABLE XLV 
ComposiTIoNn or Gases Evyotvep rrom CuarcoaL PRreviousiy Exposep To 


Dry OxyGEn 
a ea le i tae le 


Charcoal heated to redness in oxygen dried 
over P20; for 
Composition of gases 


1 week . 2 weeks 
O58 SUN Saeed Or ean 55.0 per cent 58.1 per cent 
ClO). 23 Atos on ae nee ee eee 40.0 per cent 39.5 per cent 
COS ae 3 a cee tae ae 5.0 per cent 1.7 per cent 


From those experiments Baker concluded: (1) that moisture 
catalyzes the oxidation of carbon and (2) that carbon burns 
first to the monoxide. 

Further evidence tending to support this same view was 
brought out by Dixon® and his collaborators. These investi- 
gators found that in the burning of gaseous carbon, CO is formed 
before CO. For example, when gaseous carbon in the form of 
cyanogen (C.N2) is burned, the rate of flame propagation is 
fastest with a mixture CoN» + Oz (in the proportion to form CO). 
Furthermore, photographic evidence proved that, if CoNe + 
202 is exploded, one-half the oxygen is inert in the explosion 
wave itself and as the gases cool the second molecule of O2 then 
combines with the CO initially formed in the explosion wave. 
The actual values of the rate of detonation of various gaseous 
carbon (cyanogen) and oxygen mixtures are given in the following 


table: 
TABLE XLVI 


Rate or DETONATION IN MIXTURES OF CYANOGEN, OXYGEN AND NITROGEN 


Products of Raley Coos 


Experiment No. | Initial mixture ee Matton lap an per 
1 CrN2 + O2 2CO +N, 8951 
2 CN, 4 0; 4 02| 200, 42 Ny 7615 
3 C.N2 + O2 + N2 2CO + 2N2 7868 


eam 
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The rate of detonation is greatest with equal volumes of C2Ne 
and Os, although more heat is evolved in forming CO: than in 
the formation of CO. Also, in experiment 2 the excess oxygen 
present acts like the nitrogen in experiment 3, in retarding the 
rate of explosion. In fact, excess O2 slows down the rate at which 
the detonating wave travels even more than the equivalent 
amount of Ne. 

These results, coupled with the observation by Smithels and 
Ingle,* that gases in the center of a cyanogen flame contain CO 
and CQ, in the ratio 2:1, seemed to show definitely that CO 
is the first product when gaseous carbon burns in air. The COs, 
under these circumstances, is formed by a subsequent reaction 
of the monoxide with oxygen. 

It was felt by many that the conclusive evidence that gaseous 
carbon burns to CO supported the concept of Bell and Baker 
that solid carbon also burns first to CO and that COs is the 
product only of the secondary oxidation of the monoxide. 

(c) The ‘“Carbon-complex’? Theory—In 1912 Rhead and 
Wheeler’ pointed out that neither the carbon dioxide nor the 
carbon monoxide theory could explain all the known facts. 
These authorities reinvestigated the problem of carbon combus- 
tion, and on the basis of their results evolved the explanation 
that is now widely accepted. Briefly, this theory states that 
the first step in the combustion of carbon is the formation of a 
loosely bonded physicochemical compound of carbon and oxygen 
of the general formula C,0,. This unstable compound later 
breaks up into CO and CO, in various vroportions, depending 
on the temperature and other conditions. 

Rhead and Wheeler’s first experiments, on the relative rates 
of the various reactions between C, CO, COs, and Os, showed 
that in the combustion of carbon both oxides are produced simul- 
taneously, and that neither oxide is the initial product. For 
example, CO is one of the products of combustion at 932°F. 
(500°C.), at which temperature the rate of the reaction 


C + CO, = 2C0 (3) 


is practically nil, so that the monoxide, not being formed from 
this reaction, must have been formed directly from carbon and 
oxygen. 

In 1918, Rhead and Wheeler published the results of a series 
of experiments in which air was circulated over purified wood 


‘ 
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charcoal at temperatures ranging from 212 to 1652°F. (100 to 
900°C.). The more important results of these experiments may 
be summarized briefly as follows: 

1. If carbon (in the form of charcoal) is heated to 1652°F, 
in vacuo and is then cooled to 392 to 750°F. (200 to 400°C.) 
and exposed to the air, the charcoal absorbs oxygen (see? Fig. 47). 
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Fie. 47.—Rate of absorption of oxygen by hot carbon. 


2. This oxygen cannot be withdrawn by the application of 
vacuum alone. 

3. To break up the product initially formed by the exposure 
of charcoal to air, considerable heat and vacuum are both required. 
Even then the oxygen comes off not as oxygen, but as a mixture 
of carbon monoxide and dioxide. 

4. In order to drive off most of the oxygen as CO and COs, a 
vacuum and a temperature of about 1650°F. (900°C.) are both 


required. 
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From this, Rhead and Wheeler came to the conclusion that 
when solid carbon unites with oxygen or air three products are 
formed, COs, CO, and a complex compound of carbon and oxygen. 
The formula C,0, was assigned to this complex compound, 
since the proportion of oxygen to carbon varies with the tempera- 
ture, kind of carbon, etc. This compound C,O, is a physico- 
chemical complex, physical since it has no definite composition, 
and chemical since it cannot be broken up by strictly physical 
means, such as evacuation. The reaction between carbon and 
oxygen does not seem to be straight adsorption because the 
oxygen combined in this way cannot be removed as oxygen, but 
always comes off as a mixture of CO and COs. 

Rhead and Wheeler’s concept has received strong support 
from the work of more recent investigators of the problem. 
Langmuir,’ for example, investigated the reaction between 
oxygen and highly graphitized carbon at various temperatures 
but at extremely low pressures (0.004 to 0.007 mm.). The hot 
carbon consisted of an electrically lighted graphitized filament of 
a lamp, the bulb of which was immersed in liquid air. As oxygen 
was admitted, any CO, initially formed was frozen out on the 
cold walls of the lamp bulb. By using very low partial pressures 
of oxygen and by providing a means for condensing any COs, to 
the solid state (thus reducing the partial pressure of the CO, to a 
negligible quantity) Langmuir prevented any secondary reaction 
between the carbon lamp filament and any COs, that would be 
formed. At 1740°F. (950°C.) the oxygen disappears rapidly at 
the start of the experiment, but the rate of disappearance 
decreases to a constant rate, until the oxygen finally disappears 
altogether. At this temperature, as the oxygen disappears, CO» 
(but no monoxide) is formed. The oxygen appearing as COs, 
however, is not equivalent to the total oxygen admitted, showing 
that a certain amount has combined with the carbon to form the 
complex C,O, even at this high temperature. At 2600°F. 
(1430°C.) some CO is formed (probably due to a reduction of CO, 
by carbon), although even at this high temperature a certain 
amount of the carbon complex still exists. A difference between 
the results of Rhead and Wheeler on the one hand and of Lang- 
muir on the other should be noted. According to Rhead and 
Wheeler, the C,0, complex breaks down to CO and CO., whereas 
Langmuir’s experiments seem to show conclusively that the 
complex decomposes to CO, only, any CO formed coming from 
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the secondary reaction of CO. with carbon. Langmuir also 
studied the action of a small amount of CO, on a hot metallized 
carbon filament at low pressure. He found that the CO. was 
reduced to CO but that the volume of CO formed was not double 
that of the CO, used, thereby showing that the reaction was 
CO, + C = (C + absorbed or combined O02) + CO 
indicating that a C,O, complex is also formed when CQ, reacts 
with carbon. 

In general, oxygen combining with carbon at low tempera- 
tures (200 to 300°F.) goes almost wholly to CO; the major part 
of the dioxide which appears at these low temperatures probably 
results from the reaction 

KEW oa O. = 2COz, 
which reaction Rideal?! has proved to be markedly catalyzed by 
surfaces. At high temperatures, as proved by the work of 
Langmuir, the complex C,O, is still an intermediate product, 
but the equivalent oxygen appears initially as COs, any CO that 
may be present usually being formed as a secondary product by 
the reduction of CO, to CO by hot carbon. 

Therefore, the most probable and generally accepted concept 
of the mechanism of the combustion of solid carbon is that 
oxygen from the air, on uniting with hot carbon, forms COs, some 
CO, and a physicochemical complex C,0,. This last compound, 
in turn, breaks down to form CO, and some CO. Thus the C,O, 
is an intermediate compound, but nevertheless a real one. The 
products given off are CO, (and some CO at the lower tempera- 
tures); the CO, will be reduced or the CO burned to CO, as a 
secondary reaction depending on the time of contact, the temper- 
ature, and whether there is an excess of carbon or an excess of oxygen. 

This explanation is not only the most satisfactory working 
hypothesis so far evolved, but also serves to explain the facts 
on which the two earlier theories of carbon combustion were 
based. For example, the formation of CO, by the action of 
oxygen on charcoal at 212°F. (100°C)., and the appearance of COz 
and CO in the gases given off by coal which has absorbed oxygen 
at 212°F. (100°C.), are explained by the fact that at low tempera- 
tures, although the complex C,O, breaks down mainly into the 
monoxide, the surfaces present catalyze the reaction: 

2CO + O2 = 2CO..: 
Similarly, the results of H. B. Baker, who found that both CO 
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and CO, are evolved from dry charcoal and dry Oz at red heat, 
would be expected, since at this temperature C,O, breaks up to 
form both gases and the dry oxygen cannot burn the CO to COs. 

2. The Mechanism of the Combustion of Gaseous Hydro- 
carbons.—Three theories have been advanced to explain the way 
in which hydrocarbons burn: (a) that the hydrogen of the hydro- 
carbon burns with oxygen in preference to or before the carbon, 
(b) that the carbon burns in preference to the hydrogen, and (c) 
that there is an initial association of oxygen with the hydro- 
carbon molecule, forming intermediate, ‘hydroxylated’? com- 
pounds, which, in turn, burn or are broken down thermally. 

(a) Theory of Preferential Combustion of Hydrogen.—Until 
about 1892 it was almost universally believed that hydrogen is 
the more combustible part of the hydrocarbon and, on burning 
a hydrocarbon, is ‘‘singed off”? the molecule, leaving free carbon, 
as indicated by the reaction 

2C2H2 + O2 = 4C + 2H.20. (4) 
Thus, H. B. Dixon,’ in 1884, speaking of the combustion of hydro- 
carbons said: ‘‘There is a race for the oxygen of the air between 
the two constituents of ethylene (for example), and the hydrogen, 
being the fleeter of the two, gets to the oxygen first, and is burnt 
to water.” 

(b) Theory of Preferential Combustion of Carbon.—In 1892 the 
older concept of the preferential combustion of hydrogen had to 
be discarded, since Dixon!? found that a mixture of equal volumes 
of ethylene and oxygen yields on detonation almost exactly twice 
its volume of hydrogen and CO, according to the equation 


This led to the explanation that the carbon of the hydrocarbon 
is preferentially burned to CO, leaving the hydrogen thus liber- 
ated to combine with excess oxygen. 

This theory, brought out originally’! in 1861, apparently 
received additional proof when Smithels and Ingle! found that 
hydrogen is present in the inner parts of aerated hydrocarbon 
flames. 

(c) The Hydroxylation Theory.—Neither of the preferential- 
combustion concepts, however, explains all the known facts. A 
number of investigations have been carried out which indicate 
that the combustion of gaseous hydrocarbons takes place by an 
initial interaction of the hydrocarbon with oxygen, forming an 
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intermediate, unstable, ‘oxygenated’? or “hydroxylated” 
compound, 

The principal researches on which this view is based were 
carried out by Bone’ and his collaborators.* The experiments 
were of three general types: (1) static experiments, in which the 
gas or hydrocarbon was heated in bulbs with varying proportions 
of oxygen, at temperatures from 482 to 662°F. (250. to 
300°C.), the contents of the bulbs after definite periods of time 
being cooled and analyzed; (2) dynamic experiments, in which 
the gaseous mixtures were recirculated over a surface of porous 
porcelain kept at a constant temperature in a furnace, cooling 
and scrubbing arrangements being provided for the removal of 
intermediate products; (3) explosion experiments, in which the 
hydrocarbons were exploded with varying amounts of oxygen, 
(and in certain cases mixtures of oxygen and hydrogen or oxygen 
and CO), and the products analyzed. These experiments were 
run with (1) the paraffin hydrocarbons (7.e., of the formula 
C,H2,+42) from methane to hexane, (2) the olefines (7.e., of the 
formula C,He,) up to butylene, (3) acetylene and trimethylene, 
and (4) independently with an ordinary commercial kerosene. '* 

The results of experiments along this line may be summarized 
as follows: 

1. There is a combination of the hydrocarbon with oxygen 
preliminary to final combustion. Hydrocarbons combine with 
oxygen to form alcohols and aldehydes previous to, and as a 
preliminary step in, burning to CO, CQ: or water. This holds 
true at all temperatures. 

2. Contrary to the ideas expressed in earlier theories, there is 
no “‘selective combustion”’ of either the carbon or the hydrogen 
of the hydrocarbon. 

3. The initial addition of oxygen to the hydrocarbon molecule 
forms an alcohol with which, in turn, more oxygen reacts, forming 
an aldehyde. This aldehyde, in many cases, breaks down into 
intermediate combustible gases, CO and Hg, or the aldehyde may 
burn completely to CO, and H,O. This process is termed 
hydroxylation because the first addition of oxygen to the 
hydrocarbon molecule gives the hydroxyl grouping (—OH) 
characteristic of alcohols. 

*The recent researches of Buarrk and WHEELER!® have brought out 
extremely valuable additional proof of the hydroxylation theory practically 
as it was originally formulated by Bons et al. 
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4. As much as 92 per cent of the theoretical formaldehyde 
possible from the oxidation of ethane has been isolated, thus 
conclusively showing that the mechanism of hydrocarbon 
combustion is essentially as just given. 

5. Initial combustion or hydroxylation of the hydrocarbon 
molecule starts with kerosene-air mixtures'* at about 392°F. 
(200°C.), and the start of combustion or hydroxylation of benzene 
begins at about 550°F. (290°C.). 

6. If sufficient oxygen is present to transform all the hydro- 
carbon to formaldehyde, combustion may be carried out without 
the formation of soot or free carbon. The minimum amount of 
oxygen required to burn unsaturated hydrocarbons of the 
olefine type without soot or free carbon is given by the following 
reaction: 


(CHa : On COs . (6) 


It is to be noted from the above equation that the products 
of combustion, with the minimum oxygen that will prevent 
soot, are CO and Hz». On the other hand, similar mixtures 


(CH (22+2) +5 O2) of a saturated paraffin hydrocarbon and 


oxygen yield carbon, CO and COs, H20, so that, to prevent the 
formation of soot with the paraffin hydrocarbons, it is necessary 
to use at least the following ratio of oxygen to the hydrocarbon: 


CH (2242) = EEO; = xCO + wH. + H,0. (7) 


7. At the high temperatures of flames it was found that in 
mixtures of hydrocarbons, hydrogen, and CO (with insufficient 
oxygen for complete combustion) more oxygen combines with 
the hydrocarbons than with either hydrogen or CO. Thus, 
when a mixture of methane and electrolytic gas is exploded in 
the proportions CHy + 2H», + On», the reaction is practically: 

CH, + O2 + (2H2) = CO + H. +.H.0 + (2H2). (8) 
Actually, over 95 per cent of the oxygen reacts with the methane 
and less than 5 per cent combines with the hydrogen originally 
in the mixture. Practically the same thing holds true for the 
mixture C.Hy (ethylene) + O. + 2H». Similar experiments 
with mixtures in the proportions of CH, + 2CO + Os show that 
even less than 5 per cent of the oxygen in the mixture is consumed 
by the CO. 
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The relative rates of combustion of hydrocarbons, hydrogen, 
and CO are also indicated by the composition of furnace gases. 
For example, the following series of analyses? of the combustible 
gases taken at various distances above the top of bituminous 
coal fire clearly show the rapidity with which methane disappears 
(as compared with CO and hydrogen) as the gas from a coal 
fire burns in a furnace: 


Per cent 
Sample taken at 

CHy He CO 
SUriseerOrmwel Hed os... 6.00. cgidselsc eee w anaes’ ee 5.9 Oe 
{iil shale 15] evenitep yb rel I ovevG Mk oe eee a ee an anaes Ora 1.8 Ae 
Hue aWOVenkUGMOed. pir a se ccc ee on su hho dum oe). 0.0 OO 0.6 
RPT AOOVE MMe DEMGs ee Sects: ba nae cee un aa 0.0 ONO (Ont 
US a ritieabovie fuel bed tty, mae epras.< soe vdade ant os 0.0 0.0 0.0 


This table shows for this case that the methane is practically 
all consumed before the gases have gone 1 ft. from the fuel bed, 
the hydrogen practically at the end of 5 ft., while some monoxide 
is left even at 814 ft. from the surface of the fuel bed. The relative 
speeds with which these fuels burn are as follows: (1) hydrocarbons, 
(2), hydrogen, and (3), CO, z.e., hydrocarbons burn the fastest 
and CO the slowest. 

The following reactions are given to illustrate the steps occur- 
ring in the combustion or hydroxylation of the various hydro- 
carbons. The oxygen required for each successive hydroxylation 
is not shown. 

1. At temperatures below the ignition point, the hydroxylation 
of methane is as follows: 

H H H 


| | 
H é H — H—C—OH ~ H.0+H—C=0 () 


| | 
H 


H 
methane methyl formaldehyde 
alcohol 


Depending on the amount of oxygen present, the formaldehyde 
thus formed may either: 
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(a) Break down thermally to CO and He: 


CH.O — CO + He. (10) 
(b) React with oxygen to form CO and H,0: 
CH.O + 14402 = CO + H:20O. (11) 


(c) React with sufficient oxygen for complete combustion to 
CO: and H.O: 
CH.O + O2 = COz + H20. (12) 
2. The combustion of a chain hydrocarbon is similar, 7.e., 
one of the CH; groups is oxidized in the same manner. The 
following diagram shows the mechanism for the slow combustion 
of ethane at temperatures below its ignition point; 


H;C.CH; — CH3.CH20H — [CH;.CH (OH:2)] — CH3.CHO + 


ethane dene acetaldehyde 
H.0 — CO + H, + H.CHO — HCOOH + CO(OH):2 => 
danyds Pada reek 
CO, + H.0 (13) 


3. The combustion of an unsaturated hydrocarbon is similar 
to the process for the saturated hydrocarbons. The hydroxyl- 
ation of a typical unsaturated hydrocarbon, ethylene, is as 
follows:* 

H.C: CH, — H.C: CHOH —[HO.HC:CH.OH]—2CH,0 (14) 


ethylene vinyl aleohol formaldehyde 


As in the combustion of methane shown above, the formaldehyde 
may decompose thermally to CO and Ha, or it may burn to H.O 
and COs. 

4. In passing from natural gas to gasoline and to the typical 
fuel oils, the hydrocarbons present become heavier and their 
structure becomes more complex. In the case of these higher 
hydrocarbons, where R represents a long-chain hydrocarbon 
radical, the mechanism may be: 


(a) RCH2.CH; > RCH:.CH.OH — RCH.CHO + H;0 (15) 
RCH».CHO — R.CHOH.CHO — RCHO + CH.0 —-RCHO 


sete 0) 
(b) RCH.CH; — RCH.CH,OH — H.O + (R.CH = CH) (16) 
unsaturated 


* It can be seen that this reaction readily explains the data (reaction (5)) 
brought forward by Dixon as evidence in favor of the view of preferential 
combustion of carbon (see p. 180). 


THE COMBU§TION OF THE ELEMENTARY FUELS 185 


The heavier hydrocarbons usually undergo reactions other 
than simple hydroxylation, and the same is true of the lighter 
hydrocarbons if conditions are unfavorable for the formation of 
hydroxylated compounds. The heavy hydrocarbons may be 
“cracked” to give saturated and unsaturated lighter hydro- 
carbons, or they may be decomposed completely into carbon and 
hydrogen. 

The lightest, saturated hydrocarbons are ‘cracked’? much 
more slowly than the heavier hydrocarbons. Thus methane™ 
when heated at about 2400°F. (1300°C.) is not completely decom- 
posed at the end of an hour according to the reaction. 


GH, = C+ 2H. (17) 


Ethane, the next hydrocarbon above methane in the paraffin 
series, is less stable, however, and can be decomposed very rapidly 
by heating in a tube at about 2100°F. (1150°C.). 

With regard to the speed at which the still heavier hydro- 
carbons are decomposed to carbon and hydrogen, it has been 
found in commercial practice that the rate doubles for each 20 
to 90°F. (11 to 50°C.) rise in temperature, and that at the end 
of 1 min. at 1650°F. (900°C.) about 40 per cent of the hydro- 
carbon is decomposed to form carbon. With these data as a 
basis, Katz!’ has estimated that only 0.036 sec. are required for 
complete decomposition of heavy hydrocarbons at 2732°F. 
(1500°C.), not an unreasonable temperature when considering 
coal and oil fires. At 3300°F. (1800°C.), about the maximum 
temperature in combustion work, the time required is much less. 

Thus in the ordinary combustion of hydrocarbons, there is a 
race between thermal decomposition and hydroxylation. If 
the conditions favor hydroxylation (such as preheating the hydro- 
carbons and air, and allowing time for the entrance of oxygen 
into the hydrocarbon molecule), there will be no soot. If, how- 
ever, conditions favor cracking, as, for example, if the hydro- 
carbons and oxygen from the air are not thoroughly mixed 
together, the heat from the combustion of part of the hydrocarbon 
decomposes or cracks the remainder. 

3. The Mechanism of the Combustion of Hydrogen and CO.— 
All of our industrial fuels either contain CO and He, (producer 
gas, water gas, coke-oven gas, etc.), or else they contain hydro- 
carbons (coal, fuel oil, etc.), which may, and usually do, give 
off CO and H; in the initial or early stages of combustion. The 
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preceding discussion has shown that any hydrocarbons present 
first ‘“‘hydroxylate’’ and then decompose either wholly or in 
part into hydrogen and carbon monoxide. Furthermore, it has 
just been shown that in the explosion of hydrocarbons such as 
methane, etc., the hydrocarbons are all consumed or transformed 
over to CO and Hz before there is any appreciable combustion 
of either of these gases. Thus, since the combustion of all the 
H; and CO, either present initially or as a result of thermal decom- 
position, is the last stage in the combustion of fuels, a knowledge 
of the mechanism of the combustion of these two gases is quite 
essential. The general literature indicates that there is some 
doubt as to the exact nature of these two reactions. 

With regard to the combustion of hydrogen, Bone and his 
collaborators!’ have shown that the reaction between H2 and Oz 
is catalyzed by surfaces at all temperatures, and that at high 
temperatures all surfaces are equally good. These investigators 
also found that the rate of combustion is proportional to the 
partial pressure of the hydrogen (not proportional to the square 
of the (Hz) concentration as if the reaction were trimolecular). 
From this it was concluded that either: (1) the hydrogen on 
burning to water first forms hydrogen peroxide, according to 
the equation 

H. + O2 = H2Oz2 (bimolecular), (18) 


which, in turn, is decomposed to H.O and oxygen, or (2) that 
the rate of combustion is proportional to the rate at which hydro- 
gen diffuses through the stationary film on the outside of the 
catalyst. The latter view is the more probable. 

Bone and Haward!® found that when hydrogen is exploded 
with oxygen the reaction was trimolecular, as shown by the 
following equation: 


2H. + O2 = 2H2O (trimolecular). (19) 

Concerning the combustion of CO, Falk,?° from experiments 

on ignition temperatures, concluded that two carbon monoxide 

molecules react directly with one oxygen to form CO, in the way 
the equation is usually written: 

2CO + O2 = 2COsz (trimolecular). (20) 

Falk’s reasoning was that if the ignition temperatures of mixtures 

of a gas with varying proportions of oxygen are determined, the 

lowest temperature of ignition is obtained when the gases are 

mixed in their combining volumes. Thus, if the reaction. is 
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as just written, a mixture of two volumes of CO with one of 
oxygen will ignite at a lower temperature than mixtures of the 
two gases in any other proportions. It was from such experi- 
ments that Falk concluded the reaction was trimolecular. 

On the other hand, Rideal’s*! experiments, in which mixtures 
of hydrogen and CO were passed over an iron oxide catalyst at 
temperatures from 212 to 750°F. (100 to 400°C.), and Bone and 
Haward’s experiments on the explosion of hydrogen-carbon mon- 
oxide-oxygen mixtures pointed toward a dimolecular reaction. 


SUMMARY OF VIEWS AS TO ComMBUSTION OF CarBON MONOXIDE AND 


HyDROGEN 
i tri ; y 
pomchiome me Mechanism Investigator Type of experiment 
reaction 
Falk20 Ignition temperature 


2H. + 202 = 2H20: 
2H2O2 = 2H2O + O2| Rideal?1 Low temperature. Cata- 
— lytic Combustion 


2H. + O2 = 2H20 
Bone & Wheeler?2 | Catalytic at 450°C. 


Combustion at 600°C, 
2H + O2 = 2H20 


Bodenstein23 Rate proportional to He 
pressure 
ye24 Recalculation of Boden- 
BH Os 2h0. |" 
stein 
Bone!8 Explosion of Hz + CH, 


Bone & Haward! | Explosion of Hz + CO 


Bone & Wheeler” | Explosion of CHy + XCO 


2CO + O2 = 2CO2z 
Falk20 Ignition temperature 


Proportional to 1st | Rideal*! Catalytic combustion 
2CO + O2 = 2CO2}| power of CO 


He + 1402 = H20 | Bone & Haward® | Explosion of Hz + co 
H20 + CO = 
COz + Hae 


ee eal a es ee 

These different views indicate the strong possibility that the 
two combustion reactions under discussion take place differently 
under varying conditions.”:?*:*4 Furthermore, the investigations 
just summarized were not carried out under conditions existing 
inside combustion chambers. These conditions are: (1) quiet 
burning under approximately atmospheric pressure, (2) a tem- 
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perature range of 1300 to 2700°F. (700 to 1500°C.), (3) com- 
bustion occurring in free space uncatalyzed by surfaces, and (4) 
CO and hydrogen burning simultaneously with an excess of 
oxygen. 

Combustion of Hydrogen and CO under Furnace Conditions.—In 
order to obtain results that meet the above conditions it is 
necessary to burn these gases and to take out samples for analysis 
from point to point along the path of combustion. Two series 
of experiments along this line are available. 

First, Kreisinger, Augustine, and Ovitz?> burned several 
varieties of coal under varying conditions of excess air and rate 
of firing, analyzing the resultant flue gases as they passed along 
a 40-ft. flue. In their experiments, the conditions were exactly 
those outlined above, both gases burning simultaneously along 
a flue in which excess oxygen was present. Similar results have 
been obtained from a smaller furnace fired with producer gas.”° 
The actual conditions in the two sets of experiments were as 
follows: 


Length, é o% 
feed Fired with Temperature range 
Furnace 125277: 40 Coal 2192—2732°F. (1200—1500°C. ) 
Furnace 27°... . 10 Producer gas} 1652—2012°F. ( 900—1100°C.) 


‘The range of concentration of the gases over which the data 
were obtained was as follows: 


TABLE XLVII 
VARIATION IN Gas ComposITION IN INVESTIGATIONS OF SIMULTANEOUS 
ComBUSTION OF CO anD Hy, 


Concentration of gases in parts per 
100 parts of No» 


He | CO | Oz 
INUeaipcavea ena jekew) (eration Gugdd Woe anon: 13.45 24.9 9.63 
Minimum, per cent.............-. 0,12 0.12 2.09 
Changes ie ae ay nc ee 110 fold 200 fold 5 fold 
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Table XLVIII shows the calculated ratio of = for the most 
‘Ho 


probable values of m, n, 7, and s in the equation 
dCO _ keo (CO)™(Oz)” 
dH, ~ kez, (H2)*(O2)*” 
where the symbols m, n, 7, and s are used, since the order of the 
reactions is uncertain. 


(19) 


TABLE XLVIII 


kco 


ros when 
Run, number n= 16 
lu = S$ n=s n=s n=s gia 

i ite — a a ae 

r= 1 ia, (a r=l1 awe 

p= il 

Bureau of Mines?® 

161 1.47 0.46 0.76 0.93 211 

134 0.88 0.35 Ooi 2.74 1.53 

181 1.16 0.37 0.53 1b, 1805 3.30 

180 0.89 0.30 0.41 0.66 1.76 

172 0.76 0.30 0.37 One 1.94 

193 1.69 0.45 2.94 0.99 3.89 

197 0.79 0.30 0.70 0.42 1.59 

199 Oni 0.29 0.76 0.52 1h, 

192 3.04 0.35 0.86 1.58 4.59 

iW Are 1.02 0.34 0.51 0.74 1.92 

178 ieee 0.28 0.31 ORGH fell 

195 0.90 0.34 0.91 1.59 1.47 

189 0.95 0.29 0.70 Ona5 2.13 

Franklin, Tomlinson, and 
Widell :?° 

3 0.46 0.41 0.24 0.79 0.90 

4 LEO’ 0.39 0.56 0.76 2.04 

ANCTARC cr poate Coie hua Bees 0.35 


ko 


Inspection of this table shows the most uniform ratio of i 

“Hy 
when m =r=2andn=s. All the other combinations vary 
considerably from run to run, showing the assumed values of 


m, n, r, and s, to be incorrect, with the exception of the particular 
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values just mentioned. This indicates that under ordinary 
combustion conditions the two reactions are: 


2CO + O. = 2COz and 2H. _ O2 => 2H.O 
z.e., both reactions are trimolecular. The ratio of the reaction 


k : 
rate constants a = 0.35, showing that over the temperature 
Hy 


range studied the ratio of the rate of combustion of hydrogen 
to that of CO is 1:0.35 or that hydrogen burns approximately 
2.86 times as fast as CO. 

This line of reasoning is applicable only in case the velocities 
of both reactions change with temperature to about the same 
extent. In other words, with a given change in temperature the 
per cent change in the velocity of each reaction should be nearly 
equal. That the velocities of the reactions 2H. + O = 2H.O 
and 2CO + O». = 2COz change to a similar extent with a given 
change in temperature is shown by the temperature coefficients 
(AF) of these two reactions as determined by Falk.*° 


TABLE XLIX 
TEMPERATURE COEFFICIENT OF RATE OF COMBUSTION OF HYDROGEN AND OF 


CarBoN MoNOXIDE 


Temperature coefficient of reaction 
velocity for each 18°F. (10°C.) rise at 


1472°F. | 1742°F. | 1832°F, 
[s00°C.] | (950°C. ] [1000°C. ] 
| | 
Combustion of Hydrogen...v.......essses ses | 1.31 | 1.13 } oe ae 
Combustion of Carbon Monoxide............. emi de 1.24 1.14 
| 


Falk®? also has evidence, based on ignition temperatures, 
that when both CO and hydrogen burn simultaneously both reac- 
tions are trimolecular. When the reactions take place separately, 
however, Falk concluded that the combustion of hydrogen with 
oxygen was bimolecular, while the combustion of CO with oxygen 
was trimolecular. There is the possibility, therefore, that the 
mechanism by which CO and hydrogen burn simultaneously 
(z.e., as they burn in furnaces) may differ from the mechanism 
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by which they burn separately. This view is also supported 
by the work of Bone and Haward. 

Summary.—The mechanism of the combustion of the three 
elementary fuels is as follows: 

1. Solid Carbon.—Hot carbon unites with air passing over it, 
forming carbon dioxide, some carbon monoxide, and an inter- 
mediate physicochemical complex C,0,. This last compound 
breaks down to form CO and CO, which are given off and more 
C,O, is formed. At low temperatures the products of combus- 
tion may consist largely of CO. At high temperatures, however, 
such as are encountered in the fuel bed of a furnace, the initial 
product of combustion is COz. This CO2 may, either wholly 
or in part, be reduced to CO, the extent of this secondary reaction 
being dependent on the relative amount of carbon and oxygen, 
the time of contact between the initially formed COs, the 
reactivity of the carbon surface and the temperature. 

2. Gaseous Hydrocarbons.—When hydrocarbons burn, there is 
first an addition or association of oxygen with the hydrocarbon 
molecule, producing unstable hydroxylated compounds which, 
in turn, form aldehydes. These aldehydes break down or are 
oxidized until formaldehyde is produced. Depending on the 
amount of oxygen present, the formaldehyde may break down 
thermally to form CO and hydrogen, or it may burn to either 
CO and water or to CO, and water. This process of hydroxyla- 
tion is very rapid under favorable conditions; it is so rapid, in 
fact, that in mixtures of methane and hydrogen or methane 
and CO the hydrocarbon burns faster than either hydrogen or 
CO. If sufficient oxygen is present so that all the hydrocarbon 
may be transformed to formaldehyde no soot or smoke will be 
produced. 

Hydrocarbons, especially the higher ones, also may decompose 
into carbon (soot) and hydrogen by ‘‘cracking.”” This reaction 
is very rapid at high temperatures. 

Under ordinary combustion conditions there is a race between 
thermal decomposition or ‘‘cracking” of the hydrocarbons and 
the process of hydroxylation. If the conditions (such as preheat- 
ing hydrocarbon and air, and allowing time for entrance of oxygen 
into the hydrocarbon molecule) favor hydroxylation, there will 
be no soot. On the other hand, if the conditions favor “ crack- 
ing” the hydrocarbon will decompose thermally into carbon and 
hydrogen, and will burn with a smoky flame. 
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3. Carbon Monoaide and Hydrogen.—Under the conditions of 
most importance in ordinary combustion work, mixtures of CO 
and hydrogen burn as if the reactions were 

2H. =: Oz a 2H2O 
and 2CO + O2 = 2COz 


These important conditions are (1) quiet burning under approxi- 
mately atmospheric pressure, (2) at temperatures between 1300 
and 2700°F. (700 and 1500°C.), (3) with combustion occurring 
in free space uncatalyzed by surfaces, and (4) CO and hydrogen 
burning simultaneously with an excess of oxygen. Under these 
conditions hydrogen burns about 2.86 times as fast as CO. 
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CHAPTER X 
COMBUSTION CALCULATIONS 


For purposes of design, testing, and a thorough understanding 
of combustion, certain calculations are indispensable. The 
accumulation of data is useless unless the data are used to pro- 
duce results. The efficiency of a combustion process can seldom 
be measured directly and calculations of some type are almost 
invariably required. In many cases these calculations are rela- 
tively simple and in only a very few cases are they at all difficult, 
although often they are made up of a series of simple calculations 
which may appear complex. 

Use of Calculations.—From an engineering point of view, 
perhaps the most important use of such calculations lies in the 
determination of quantities which would be difficult or almost 
impossible, to measure directly. For instance in the blast 
furnace the quantities of air used and gas made almost invariably 
must be determined by calculation. For this purpose the data 
required are the amounts and analyses of coke and stone used, 
the pig made, and an analysis of the blast-furnace gas. All of 
these are available, with the possible exception of the gas analysis, 
and this can be secured easily. The actual measurement of 
such large quantities of gas and air is, on the other hand, both 
difficult and expensive. 

One of the most general applications of such calculations is in 
the determination of the air used for combustion in a boiler fur- 
nace. Any direct measurement of the air is impossible, since it 
enters the furnace at many points, but the total amount may be 
calculated readily from easily secured data. 

Fundamental Considerations in Combustion Calculations.— 
All combustion calculations are based on a relatively few simple 
laws, and on a number of concepts concerning the application 
of these laws to combustion work. These considerations are 
discussed in the following paragraphs. 

In their simplest form the four fundamental laws on which 


all combustion calculations depend are: 
193 
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1. Conservation of Matter—Matter cannot be destroyed and 
cannot be created. 

2. Conservation of Energy.—Energy cannot be destroyed and 
cannot be created. 

3. The Gas Law.—The volume of a gas is directly proportional 
to its absolute temperature and inversely proportional to 
its absolute pressure. 

4. The Law of Combining Weights.—All substances combine 
only in accordance with a definite, simple relationship as 
to relative weights. 

Law of Conservation of Matter—The law of conservation of 
matter, in simple terms, states that over a sufficient period of time, 
whatever material enters a process must also leave it. There 
can be no destruction or production of matter during the process, 
although the form or the combinations usually change. Thus 
the materials entering a boiler furnace are air and fuel. Part of 
the fuel leaves in the cinder* and part goes up the stack as flue 
gas. The air all leaves as flue gas. The total material in the 
cinder and flue gas must equal the total material in the fuel and air 
used. A similar balance also exists for each of the elements 
present. For example, the carbon entering in the fuel may sepa- 
rate, so that a part-remains in the cinder, part is in the flue gas 
as carbon monoxide (CO) and as carbon dioxide (COs), and part 
is deposited as soot. The total carbon output, however, must 
equal the total carbon entering in the fuel, that is, the carbon 
entering in the fuel over a suitable test period must equal the 
carbon leaving either as cinders or as flue gas. 

Under certain circumstances when the rate of flow of material 
through the process is not strictly continuous, it is possible for 
a temporary accumulation of material to take place in the fur- 
nace If data are obtained over a sufficiently long period of time, 
however, this accumulation will be negligible in comparison with 
the total material that has passed through the process during the 
test period. This may be illustrated by an efficiency test on a 
boiler where the amount of coal on the grate is kept as near con- 
stant as possible, but, in order to eliminate any serious error 
from this source, the test is run over a long period, usually 24 hr. 
ormore. Anaccumulation of even 500 lb. of coal on the grate 


* In order to avoid confusion between the ash in the original coal and the 


“ash’’ as residue from combustion, the term cinder is used to denote the 
latter. 
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of a furnace using only 1000 Ib. of coal per hr. is then but 2 
per cent of the total heat input. If the data were obtained 
over an 8-hr. period with the same possible error in the amount 
of coal on the grate, the deviation would be as high as 6 per 
cent. Therefore, it is essential, in using a balance of this type, 
to ascertain the possible accumulation during the time. period 
over which the test is made. This is usually the main factor 
that determines the length of time over which an efficiency test 
should be run. 

- Law of Conservation of Energy.—The conservation of energy 
is the same principle applied to energy instead of to matter. In 
the boiler example above, the heat in the fuel is distributed so 
that some goes into the water to form steam, some remains 
undeveloped in the carbon of the cinder, some is lost up the stack 
as sensible heat in the gases and possibly as undeveloped heat in 
CO, and some is lost by radiation from the furnace and flues. 
The total heat energy, utilized and lost, must, however, over a 
suitable period of test, equal the heat energy in the fuel used. 

The Gas Law.—The fundamental gas law is expressed by the 
equation 

bi a a & 
Where 
FR is the gas constant. 
P is the absolute pressure. 
V is the volume. 
N is the number of mols. 
T is the absolute temperature of the gas. 

To use this equation to its fullest extent, in fact, to simplify 
greatly the whole system of combustion calculations, it is neces- 
sary to have a clear understanding regarding the mol. A mol 
of a substance is the number of grams, kilograms, or pounds of 
the substance equivalent to the molecular weight. If the unit 
of weight is grams, this quantity of material is called a gram-mol, 
while if the unit of weight is pounds, it is called the pound-mol. 
In this chapter a mol always refers to the pound-mol* (for example, 
the molecular weight of carbon is 12 and, therefore, 1 mol of 
carbon equals 12 Ib.). When the chemical composition of a 
gas is known, its molecular weight can readily be determined. 
The accompanying table shows the molecular weights for the 
common gases. 

*See foot-note on p. 138. 
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TABLE L 


Mo.ecuLtar WEIGHT oF GASES 
Be am So ae apt a eS RG eT a et 


Gas Symbol Molecular weight 
Ely (nO PGMs narietats paste te etke nee ie see He 2.02 
Oxy. 26n Sa cre cei meer ones O» 32.0 
Carbonmmonox!d chen ae nie nee CO 28.0 
Gidevoin btorel: So aac An annuca? CO. 44.0 
Meth AT CHa a ii mers dee es GHz 16.0 
Weh viene. ona neceint Assad 7 ome Ne (OIE 28.0 
INT ETO RCD ern rite siete me peeuar tern rss Ne 28.0 
Waterva DOr sake se stn eat iidee cena HO 18.0 


Avogadro’s hypothesis says that equal numbers of molecules 
of perfect gases occupy the same volume under identical condi- 
tions. Thus, one molecular weight of any gas in pounds (the 
pound-mol) will occupy a definite volume at standard conditions, 
these conditions being a temperature of 32°F. (0°C.) and an 
absolute pressure of 1 atmosphere (760 mm. or 14.7 lb. per sq. 
in.). This volume has been established as 359 cu. ft., and con- 
sequently a pound-mol (2.02 lb.) of hydrogen, a pound-mol (32 lb.) 
of oxygen, or a pound-mol (16 lb.) of methane at 32°F. and 760 
mm. of mercury (Hg) pressure will each occupy 359 cu. ft.* 

This hypothesis is true only for perfect gases, and is not exact 
in all cases. Any gas which is at a temperature far above its 
boiling point acts as a perfect gas. Thus, for industrial gases, 
except for water vapor, the hypothesis is sufficiently exact, 
while even in this case the deviation, from the standpoint of 
combustion calculations, is slight. 

This hypothesis holds not only for all perfect gases but also 
for mixtures of gases. For example, 1g mol of hydrogen, 14 
mol of oxygen, and 14 mol of nitrogen must together occupy 
359 cu. ft. Thus, the mixture of gases acts as if it were a single 
gas with a molecular weight equal to the average of the molecular 
weights of its components. In the case just mentioned the 
average molecular weight would be 


(4% X 2) + (4 X 382) + (% X 28) = 20.67, 
*In fact, the molecular weight of a gas, such as O., No, ete., may be 


defined as the weight in pounds of 359 cu. ft. of the gas under standard 
conditions (32°F. and an absolute pressure of 1 atm). 
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and therefore 20.67 lb. of this gaseous mixture at 32°F., and 1 
atmosphere pressure will occupy 359 cu. ft. By this means it is 
very simple to calculate the weight per cu. ft. of any known 
mixture of gases. Atmospheric air contains 78.14 per cent 
nitrogen, 20.92 per cent oxygen, 0.04 per cent COs, and 0.90 per 
cent argon and its average molecular weight is 28.97. For 
ordinary combustion calculations, since argon appears in the 
analysis as nitrogen, the composition of air may be taken as 79 
per cent nitrogen and 21 per cent oxygen, and its molecular weight 
as 29.0. 

If in the equation PV = NRT, P is expressed in pounds per 
sq. in. absolute (14.7 + pounds per sq. in. gage pressure), V 
in cubic feet, NV in pound-mols, and 7 in degrees Fahrenheit abso- 
lute (460 + °F.), the value of R is 10.72. It is seldom necessary 
to use the equation in this form, as its greatest value is in calcu- 
lating, by means of ratios, the effect of a change in temperature 
or pressure on gas volume. Thus, if a gas is at pressure P, 
volume V, and temperature 7’, and the conditions are changed so 
that the pressure is Pz, volume V2, and temperature JT», the 
following relationship is true: 

PV» = T 2 or Vs = TP. 

th Gin ea ee ev 
The volume of gas is directly proportional to the absolute tempera- 
ture and inversely proportional to the absolute pressure. For 
example, 3000 cu. ft. of gas at 2 atmospheres gage pressure (29.4 
+ 14.7 = 44.1 lb. per sq. in. absolute pressure) and 800°F. (800 
+ 460 = 1260°F. absolute temperature.) is equivalent to 

460 + 32 _, 44.1 


: = air 
S000 i aan a 7 = 0010 cu 


at standard conditions (14.7 lb. per sq. in. or 760 mm. pressure 


; api ee 
and 32°F.) or this volume of gas is equal to 3n9 = 9.78 mols. 


Similarly, the change in the volume of a mol (359 cu. ft.) 
brought about by changing the pressure and the temperature 
from standard conditions is as follows: 

Final Absolute Temperature of Gas 
Absolute Temperature of Gas under Standard Conditions 
Standard Pressure (Absolute) 


Final Pressure Cie Bio 
2 
=1 399 vs (85 chra60) 


359 X 


(14.7) 
(14,7 + Ps) 


x 
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where 7's is the final temperature of the gas in degrees Fahrenheit 
and P; is the final pressure of the gas in pounds per sq. in. gage 
pressure. 

Law of Combining Weights—The law of combining weights 
states that the elements combine in simple and constant propor- 
tions to form definite compounds. These proportions are always 
in a simple ratio to the molecular weights, so that all reactions 
may be expressed on a mol basis by using whole numbers to 
denote the number of mols of each substance taking part in the 
reaction. The use of this law requires a knowledge of the rela- 
tive proportion in which substances combine. These amounts 
are shown by chemical equations, in which the chemical symbols 
of the substances involved represent 1 mol unless otherwise 
designated by a number placed before the symbol. 

The combustion reactions most commonly encountered in fur- 
nace calculations, written to include the nitrogen from the air 
which almost invariably furnishes the necessary oxygen for com- 
bustion, are as follows: 


C + O02 + 3.76N2 = COz + 3.76N2 (1) 
204-0. BON, 1200 3. 76Ne (2) 
2H. + Oo + 3.76N, = 2H.0 +3.76Ne (4) 


CH, + 20, + 7.52Ne 


CO, + 2H:20 + 7.52Ne (5) 


The first four of these reactions are the ones most commonly 
encountered. Reaction (1) shows that 1 mol of carbon (12 lb.) 
unites with 1 mol of oxygen (32 lb. or 359 cu. ft. under S. C.*) to 
form 1 mol of CO, (44 lb. or 359 cu. ft. S. C.). Reaction (2) 
shows that 2 mols of carbon (24 lb.) unite with 1 mol of oxygen 
(82 lb.) to form 2 mols of CO (56 lb. or 718 cu. ft. S. C.), which may 
then, in accordance with reaction (3), unite with another mol of 
oxygen to form 2 mols of CO». Reaction (4) shows that 2 mols 
of hydrogen (4 lb.) unite with 1 mol of oxygen (32 lb.) to form 2 
mols of water (36 lb. or 718 cu. ft.S. C.). It is on the basis of the 
combining proportions as represented in these equations that 
most combustion calculations are founded. 

If, in accordance with reaction (5), we wish to calculate the 
air required to burn completely 1 mol of methane, we find that 
1 mol of oxygen is required for the carbon (reaction 1) plus 


*S. C. refers to the “Standard Conditions” of 32°F. and 1 atmosphere 
absolute. (760 mm. Hg or 14.7 Ib. per sq. in.). 
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1 mol of oxygen for the 2 mols of hydrogen (reaction 4). Thus 
the air required is Mo or 9.52 mols air per mol of methane, 
since there is only 21 per cent of oxygen in the air. Since molal 
relationships are volume relationships, 9.52 cu. ft. of air would 
be required also to burn 1 cu. ft. of methane. 

The Choice of Units.—Before applying these four principles 
to the solution of problems, the units in which the problem is to be 
worked out should be specified. Undoubtedly, the metric system 
has distinct advantages in many cases, but the final answer to 
most engineering problems must be expressed in English units. 
For this reason the English unit is used here throughout. Data 
in the literature are often given in metric units and for facilitat- 
ing the conversion to English units a table of corresponding 
values is given below: 


TABLE LI* 

ConvERSION Factors FROM ENaiisH TO Metric UNItTs 
Eneuisy Unit Merric EqurvALENtT 

1 in. = 2.54 em. 

I ft. = 0-305 m. 

euz £6: = 0.0283 cu. m. = 28.3 liters 

1 lb. = 0.454 kg. = 454 gm. 

i eal tl = 0.555°C. 

Degrees Fahrenheit = 95 (degrees Centigrade) + 32 

1 BaA.u. = 0.252 cal: 

1 B.t.u. per lb. = 0.555 cal. per gm. 

1 hp. = 0.746 kw. 


* For more complete tables see Appendix IV. 


Use of Ratios.—The use of ratios greatly simplifies the solu- 
tion of combustion problems. Fundamentally, aratio has no units 
and is, therefore, independent of the system employed. If the 
weights of two materials are in a definite ratio, then this relation- 
ship holds for any unit of weight. Thus if one substance has 
twice the specific gravity of another, then for any definite volume 
the first will weigh twice as much as the second, irrespective of 
whether the weight is expressed in grams, ounces, or pounds. If 
10 lb. of water are evaporated in a boiler per lb. of coal fired, the 
same relationship may also be expressed as 10 gm. of water 
evaporated per gm. of coal or 10 tons of water per ton of coal. 
The same is true of volume relationships. If the air required 
for combustion of a gas is 5 cu. ft. per cu. ft. of gas, it is also 5 
cu. m. per cu. m. of gas, or, since a pound-mol is a definite volume, 
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it is 5 mols of air per mol of gas. By similar reasoning an 
analysis of a gas being on a volume basis gives directly the number 
of mols of each constituent per 100 mols of gas. Since specific heats 
and specific gravities are merely ratios, these values for a given 
material are the same in any units. 

The Selection of a Basis for Calculation.—For the solution of 
combustion problems it is necessary to choose some convenient 
basis of calculation (e.g., 100 Ib. of coal fired, etc.) in order that 
the various steps in the calculation may be comparable. The 
basis used in calculation must be chosen at the outset and rigidly 
adhered to throughout and care must be taken to keep all rela- 
tionships on the same basis. To compare directly the per cent 
carbon in producer gas with the per cent carbon in the flue gas 
is obviously inaccurate. In this case a basis such as 100 mols 
of flue gas or 100 mols of producer gas may be used and the 
corresponding volume of the other gas must be calculated, usually 
from a carbon balance. The amount of carbon in this calculated 
volume may then be compared directly with the carbon in 
100 mols of the gas originally taken asa basis. Similarly, deduc- 
tion of the carbon per 100 lb. of cinder from the carbon per 100 Ib. 
of coal would have no meaning. In this case 100 Ib. of coal may 
be the basis and the amount of cinders determined by an ash 
balance. The carbon in this corresponding amount of cinders 
may then be deducted from the carbon per 100 lb. of coal without 
error. The choosing of a basis for calculations and the relating 
of all quantities to this basis are absolutely essential for accuracy 
in solving combustion problems. 

Analysis.—All combustion calculations necessitate the use of 
analyses for the determination of the quantities of various 
elements. Analyses are fully as important as absolute weight 
measurements in most cases, and frequently relative weights, as 
calculated from analyses, are sufficient for the purpose intended. 
For example, the per cent stack and cinder losses from a boiler 
may be quite accurately determined from analyses and tempera- 
tures alone, while actual weight or volume measurements usually 
cannot be made. 

Analyses of solids, such as coal, are always reported on a 
weight percentage basis. In order to convert these to a mol basis, 
it is necessary to divide each constituent by its molecular weight. 
Thus a coal analyzed as 72 per cent carbon, 4 per cent hydrogen, 
and 6 per cent oxygen would contain 6 mols of carbon (7249 = 
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6), 2 mols of hydrogen (44 = 2), and 0.187 mols of oxygen 
(682 = 0.187) per 100 lb. of coal. In most instances it is most 
advantageous to use this expression of mols per 100 lb. rather 
than a complex mol per cent, because the ultimate result will be 
expressed in pounds. 

Analyses of gases, obtained with the Orsat apparatus or some 
modification of it, are on a volume percentage basis. Thus an 
Orsat analysis of air would show 21 per cent oxygen and 79 per 
cent nitrogen. Since the mol is a volume unit, corresponding 
to 359 cu. ft. at standard conditions, gas analyses give molal 
compositions directly. For example, 100 mols of air (100 359 
= 35,900 cu. ft.) contain 21 mols of oxygen (21 X 359 = 7539 cu. 
ft.) and 79 mols of nitrogen (79 X 359 = 28,361 cu. ft.). The 
realization of this point greatly simplifies calculations. 

Due to the analytical method employed, gas analyses as 
obtained and reported (from the Orsat determination) are always 
on the dry basis, exclusive of the moisture present. Gas analyses 
are usually made over water, but all the measurements are made 
at the same temperature and therefore with the same partial 
pressure of water vapor in the gas. Therefore, if 10 per cent of 
the total gas (a gas containing 10 per cent COs, for example) 
is absorbed by some reagent, 10 per cent of the water vapor 
originally present will condense out, so that the partial pressure 
of water vapor remains unchanged. Thus the final result is the 
same as if dry gas were used. 

Volume Relationships.—Much use is made of gas analyses in 
combustion calculations in determining relative volumes. Thus 
if the analysis of a fuel gas and of the flue gas formed from it are 
known, the relative amounts of fuel gas, air, and flue gas may be 
determined by use of the fundamental concept of material 
balances. Consider, for example, the following analyses obtained 
from a furnace using methane as fuel: 


Fuel gas Flue gas 


Constituent | Per cent Constituent | Per cent | Mols C | Mols O2 
(O12 Ae oe 100 COS ariree burner (aera) 5.0 ‘Dots 
Oz... ite aavls WU ie 
Ne.. 83.4 
Menke cote tena av elf HOKOACO) 5.5 16.6 
po I ee ee ee eS 
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Fuel Gas—Flue Gas Ratio and Carbon Balance.—The relative 
volumes of fuel gas and flue gas may be determined from a carbon 
balance (i.e. carbon in fuel gas equals carbon in flue gas). Taking 
as a basis 100 mols of dry flue gas, there are 5.5 mols C (as COz), 
16.6 mols total O2 (5.5 mols as CO» and 11.1 as O2), and 83.4 mols 
of Ne. But all the carbon came from the fuel gas, so that 5.5 
mols of methane (since there is 1 mol of carbon per mol of CH,) 
were used to form 100 mols of dry flue gas. Thus the ratio of 


. 100 
dry flue gas to fuel gas is 55? OF 18.2, mols dry flue gas per mol 


fuel gas. Since molal relationships are also volume relationships, 
there were also 18.2 cu. ft. of dry flue gas for every cubic foot 
of dry methane measured under the same conditions. 

Dry Flue Gas—Air Ratio and Nitrogen Balance.—By the use 
of a nitrogen balance (7.e., nitrogen in air = nitrogen in flue gas) 
the ratio of dry flue gas to dry air may be calculated. In this 
example there are 83.4 mols of Nz per 100 mols of dry flue gas. 
This N2 came from air which contains 79.0 per cent N»2 (79 
mols of Nz per 100 of air), so that to obtain 83.4 mols of Ne, 


83.4 X ao mols of air were necessary. The ratio dry flue gas 


dry air 
: 100 79.0 
is thus 100 = 83.4 = 0.948 mols of dry flue gas per 


83.4 X 79.0 
mol of air, or 0.948 cu. ft. of dry flue gas per cu. ft. of air used 
for the combustion of methane. 

Fuel Gas—Air Ratio.—The ratio of air to fuel gas, methane, 
may now be determined from the above relationships. Since 
there were 18.2 cu. ft. of flue gas per cu. ft. methane and 0.948 
cu. ft. of dry flue gas per cu. ft. of air, the ratio of air to methane 


peeB hey. : 
IS 9 9497 OF 19.2 cu. ft. air used per cu. ft. of methane. 


Excess Air.—The term per cent excess air is used to denote the 
per cent of air in excess of that theoretically required for complete 
combustion. Thus, for methane, taking 100 mols as the basis, 
we have: 100 mols CH, are equivalent to 100 mols of C, and 200 
mols of Hy. The carbon requires 100 mols of O. for combustion, 
and the H, also requires 29% = 100molsofO». The corresponding 
quantity of air is (100 + 100) 1994, = 952 mols. In other words, 
1 mol (or | cu. ft.) of methane requires 9.52 mols (or cu. ft.) 
of air for combustion. In the example given above as shown by 
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the fuel gas—air ratio, the amount actually used was 19.2 cu. ft. 
of air per cu. ft. of gas, so that the per cent excess air is 
19.20 — 9.52 : é 

en a x 100 = 101.7 per cent. Since the N» in the gas 
analysis indicates the total air used while the free O» indicates 
the excess, the excess air may be calculated from the flue- 
gas analysis without the fuel analysis, provided the original 
fuel contains little or no nitrogen. ‘Thus in the above example the 
O» corresponding to 83.4 mols of N» is 22.17 mols, while the free O» 
in the flue gas is 11.1 mols. The O» required is then 11.07 
mols and the excess air in the above example is, therefore, 


22:17 — 11.0 } 
iL.07 y x 100 = 100.3 per cent. This value does not 


check exactly with that obtained by the previous method, 
owing to a slight error in the gas analysis. 

When CO is present in the flue gas the amount of oxygen 
necessary to burn it must be deducted from the free oxygen in the 
gas before determining the excess air. For every mol of CO, 4 
mol of O2 is necessary (reaction (3)). The excess oxygen is the 
free O» minus one-half the CO. If the analysis of a flue gas from 
combustion of a nitrogen-free fuel is 12 per cent COs, 5 per cent 
Oz, 2 per cent CO, and 81 per cent Ne, the total O2 corresponding 


; Ql )n. 3 21. : 
to the Neis 81 (79) = 21.5 (where 7 38 the ratio of O2 to No 
: 2) 
in air) and the excess Oz is 5 — i = 4. The per cent excess 


(2) 
: 4 
air for this case, therefore, is eae | X 100 = 22.85 per cent. 


Net Hydrogen.—The net hydrogen in a fuel (see Chap. II, 
p. 44), or the hydrogen in excess of that which can combine with 
the oxygen present, may also be calculated from the flue-gas 
analysis. The oxygen of the air is used to burn carbon and 
hydrogen, with an excess which appears in the analysis as free 
oxygen. Since the water formed from the combustion of the 
net hydrogen does not appear in the analysis (because the water 
formed was condensed during analysis), it must be calculated. 
This may be done most readily by the use of an oxygen balance. 
Thus in the example above for the case of methane, the total 
oxygen from the air, corresponding to the 83.4 mols of N» formed 
in the flue gas, was 22.17 mols, of which 16.6 appeared as CO: and 
O. in the gas analysis. Then 22.17 — 16.6 = 5.57 mols of Oz, 
corresponding to 11.1 mols of H,O or Hz (since 1 mol of Oz is 
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equivalent to 2 mols of H,O or Hz), were formed for each 100 mols 
of flue gas. There are 5.5 mols of carbon per 100 of flue gas, 
so that the ratio of net hydrogen to carbon in the fuel gas is 
calculated as a or 2 mols of He per mol of C. 

Moisture in Flue Gas.—The moisture present in the flue gas 
is the sum of the water from free and combined moisture in the 
fuel, from combustion of the hydrogen and from the moisture in 
the air. This latter factor is often so small that it may be 
neglected. When the analysis of the fuel is known, the moisture 
in the flue gas (from moisture in the fuel plus that from combus- 
tion of H.) may be calculated directly. Thus if dry methane 
were used the volume of water vapor would be 2 mols per mol of 
fuel gas, ries < 100 = 11.1 mols per 100 mols of dry flue gas. 
Thus, for each 100 volumes or cu. ft. of dry flue gas there would 
be 111 volumes or cu. ft. of wet flue gas. When the analysis 
of the fuel is not known, the water vapor from the net hydrogen 
alone may be calculated from the flue-gas analysis. In the above 
example there were 11.1 mols of water per 100 mols of dry flue 
gas, which agrees with the value calculated from the fuel analysis, 
since there was no oxygen present in the fuel. Since the net 
hydrogen in most fuels is not a very large proportion of the total 
hydrogen, and the accuracy of analysis of both solid and gas 
for Hz and Oz is susceptible to error, the calculation of moisture 
in the gas from the flue-gas analysis is of sufficient accuracy for 
most purposes. 

Heat Energy.—The energy involved in combustion calculations 
is heat energy. It is, therefore, necessary to know the heat 
effects attending any changes in state which take place in the 
process under consideration. The important change taking 
place in most cases is the oxidation of the carbon and hydrogen 
in the fuel with the oxygen in the air. A knowledge of the heat 
attending this reaction, or the heat of combustion of the fuel, 
is essential for all efficiency calculations. 

Heats of Combustion—The heat of combustion of the pure 
elementary fuels is shown in Table LII, which gives values of the 
heat developed for gas measured under different conditions. 

The heat of combustion of pure carbon is 14,544 B.t.u. per Ib. 

Although the B.t.u. per mol or per cu. ft. at 32°F. and 29.92 in. 
Hg (1 atmosphere) are the most convenient for purposes of cal- 
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culation, it so happens that the standard values used in the gas 
industry are those at 60°F., 30 in. of Hg, and saturated with water 
vapor. The values at 32°F. and 29.92 in. Hg may be calculated 
from those at 60°F., 30 in. Hg, saturated, by multiplying by the 
factor 1.066. 

Gross and Net Heating Values.—The heating values given in 
the Table LII include the net or low and the gross or high values. 
When hydrogen is burned to form water and the products cooled 
to the initial temperature the heat liberated is called the gross or 
high heating value and includes the heat of condensation of the 
water. This value is obtained by ordinary calorimetric measure- 
ments (for example, by burning a gas in a Junker’s calorimeter). 
The net or low heating value assumes the products cooled to the 
initial temperature, but the water not condensed. The difference 
in these values is equivalent to the heat of vaporization of water 
at the initial temperature. The low heating values of the various 
gases may be obtained by subtracting 19,000 B.t.u. per mol, 
or 50 B.t.u. per cu. ft. at 60°F., 30 in. Hg and saturated with 
H.O vapor for each mol of hydrogen present in a mol of the 
original gas. 

Use of Net Heating Value.—Obviously, the efficiency of a 
furnace will differ depending upon whether the high or the low 
heating value is used. This discrepancy is not great when fuels 
of low hydrogen content are used, but in fuels with high hydrogen 
content the difference may be quite appreciable. When a fuel 
such as coke-oven gas containing 1.20 mols of hydrogen per mol 
of gas is used, the high or gross heat of combustion may be 600 
B.t.u. per cu. ft., while the net heating value is only 540 B.t.u. 
per cu. ft., or a difference of over 10 percent. If the gross heating 
value is used the efficiency of the process will be 10 per cent lower 
than if calculated on the low heating value, as the per cent heat 
loss in the stack will be higher, since the heat of vaporization of 
the water must be considered as a loss when the higher heating 
value is used. Since it is impossible to recover this heat of 
vaporization in any industrial furnace, it is not proper to consider 
it as a valuable heat input to the system. The use of the gross 
value in comparing a low-hydrogen and a high-hydrogen fuel 
may lead to erroneous conclusions. For example, although the 
gross heating value of hydrogen is the same as that of CO, the 
net value is 15 per cent lower. The rational basis for the com- 
parison of various fuels and for the calculation of efficiencies is 
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the net heating value. This value cannot easily be determined 
experimentally, so that the gross heating value is almost invari- 
ably reported and used in practice. 

Specific Heat.—The specific heat of a substance is the ratio 
of the heat required to raise 1 Ib. of the material in question 
1°F. to the heat required to raise 1 lb. of water 1°F. It may be 
considered as the B.t.u. necessary to raise 1 lb. of the material 
1°F., since 1 B.t.u. will raise 1 lb. of water* 1°F. The heat neces- 
sary to raise a substance to any given temperature is thus the 
product of the weight in pounds, the temperature rise in degrees 
Fahrenheit, and the mean specific heat over the temperature 
range in question. 

Specific Heat and Heat Capacity of Gases.—Specific heats of 
most materials, especially gases, may be more simply expressed 
as molal specific heats, that is, the heat required to raise 1 mol 
of the substance 1°F. The relation between the molal specific 
heats of gases at constant pressure, MCp, which is the specific heat 
commonly used, is very simple. The molal heat capacities, or 
molal specific heats, of the permanent diatomic gases (2 atoms per 
molecule, such as Oz) are identical. Likewise, the molal heat 
capacities of the triatomic gases, CO2 and SOs, are similar. The 
molal heat capacity varies greatly with temperature, and the equa- 
tions expressing this relationship for the most important gases are 
shown in the following table. These are the values given by 
G. N. Lewis and M. Randall.! 


TABLE LIII 


Mota Sprrecrric Heats or GASES 
(Where 7 equals °F. absolute or °F. + 460.) 


MePOCO NU ets. ciate: MC, = 6.50 + 0.000557 
PI ONE Fan). x 2 MC, = 6.50 + 0.000507 

Cla, Bray Tee. 2c-00000d.00++ MCy = 7.4 -+ 0.000567 

HO, H.S................. MCp = 8.81 — 0.001057 + 0.000000685T? 
COMCOPN.O a Oe MC, =7.0 +0.00397 — 0.000000574T? 
Cr een 7. fe Op. = 7.5, + 0.002777 

115 hi RO ett OR ee MC, = 8.04 + 0.0003887' + 0.000001577 T? 


For all but very exact work, or unless pure hydrogen is being 
considered, the molal heat capacity of hydrogen may be 
considered the same as the molal heat capacity of the other 
diatomic gases (No, Os, etc.). This has been done in Fig. 49. 


*See footnote on p. 138. 
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The specific heats of gases and the heat capacity of gases (7.e., 
the total heat content of the gas above some convenient tempera- 
ture level) are extremely important in combustion work. A 
knowledge of these properties is essential for determining the 
amount of heat carried out the stack by flue gases, for calcula- 
tions of flame temperature (as shown in the next chapter), etc. 
General considerations applying to specific gases have just been 
given, and a series of formulas tabulated with which it is possible 
to calculate the specific heat of any of the common gases at any 
desired temperature. 

Thus, the equation for the molal specific heat of COz is 


MC, = 7.0 + 0.0039T — 0.000000574T? 


where MC, is the molal specific heat (B.t.u. required to raise 
one molecular weight in pounds 1°F.) at constant pressure, and 
T is in degrees Fahrenheit absolute (degrees Fahrenheit + 460). 
For example, the molal specific heat of CO. at 60°F. may be 
calculated by means of this formula as follows: 


MC = 7.0 + 0.0039 (460 + 60) — 5.74 X 10~7 (460 + 60)? 
= 7.0 + 2.03 — 0.155 = 8.88. 


In combustion calculations, however, the specific heat at a single 
temperature is seldom desired. Usually it is necessary to know 
the amount of heat required to raise a gas to a given temperature, 
and for this purpose the mean specific heat over the given tempera- 
ture range must be known. The mean specific heat is determined 
by integrating the formulas for specific heat, thus determining 
the total heat in the gas, and then dividing by the temperature 
change to find the mean. For example, the total heat equation 
for CO, (obtained by integrating the above equation for specific 
heat) shows the total heat in the gas above —460°F. (—273°C.) 
and is as follows: 


Total heat in CO2, above —460°F. = 7.007 + 1.95 X 10°72 — 

1.91 6 A0S aT 

where the total heat is expressed in B.t.u. per lb.-mol and 7 is in 

degrees Fahrenheit absolute. At 60°F. the total heat above 
—460°F. (— 273°C.) for 1 mol of CO, then is: 

Total heat of CO. at 60°F. = 7.00 (460 + 60) + 1.95 x 10-3 

(460 + 60)? — 1.91 x 10-7 (460 + 60)3 
= 3640 + 527 — 27 = 4140 B.t.u. per mol, 


P60°F. 
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and, similarly, the total heat at 2040°F. (1116°C.), above —460°F, 
(—273°C,), is: 
Total heat of CO, at 2040°F. = 7.00 (460 + 2040) + 1.95 x 10-3 
(460 + 2040)? — 1.91 x 10-7 (460 + 2040)* 
= 17,500 + 12,180 — 2980 = 26,700 B.t.u. per mol. 
The total heat above 60°F. (15.6°C.) of 1 mol of COs at 2040°F. 
(1116°C.) then is 26,700 — 4140 = 22,560 B.t.u., and the mean 


molal specific heat over the temperature range from 60°F. 


. 22,560 
15.6°C. © eae 
( ) to 2040°F. (1116°C.) is (5040.— 60) = 11.39 Btu. 


‘ | ] 


Mean Molal Specific Heats 


0 400 800 1200 1600 2000 2400 2800 3200 3600 4000 4400 4800- 5200 
Temperature, deg, fahr. 


Fia. 48.—Mean molal specific heats of CO2, H20, CO, Nz and O2 between 60°F. 
and temperatures up to 4600°F. The accuracy of values above 3800°F. is 
doubtful. 


required, on the average, to raise 1 mol (44 Ib.) of CO, through 
each 1°F. over the specified temperature range. This value can, 


of course, be converted to the specific heat per lb. by dividing by 
1.39 


the molecular weight: thus i= = 0.259, the number of B.t.u. 
required to raise 1 lb. of CO, 1°F. over the temperature range 
specified. 

Values of the mean molal specific heats of the common gases 
from 60°F. (15.6°C.) up to 4500°F. (2482°C.) calculated in this 
way have been plotted in Fig. 48. For most combustion calcula- 
tions it is sufficiently accurate to read from this plot the mean 
molal specific heats over the desired temperature range and use 
this directly. For example, suppose it is desired to determine 
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the amount of heat required to heat 2.5 mols of air (7.e., 2.6 X 
29 = 72.5 lb.) from 60°F. (15.6°C.) to 2500°F. (1871°C.). Read- 
ing from Fig. 48 it is found that the mean molal specific heat 
over this temperature range is about 7.45; the heat required is 
then calculated to be (2.5) (7.45) (2500 — 60) = 45,450 B.t.u. 

Part of this last calculation may be solved graphically with 
the aid of Fig. 49 which shows the total heat contents above 60°F. 


Temperature,deg.fahr. 


100 50 60 10 8090100 150 200 
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Fria. 49.—Sensible heat content of gases above 60°F. 
The accuracy of values above 3800°F is doubtful. (For more accurate values of total 


heat in He use equation on p, 207.) 

(7.e., the mean specific heat multiplied by the temperature rise) 
for the common gases. For example, again determining the 
amount of heat required to heat 2.5 mols of air from 60 to 2500°F., 
the total heat above 60°F. per mol at 2500°F. is read directly 
from Fig. 49 as approximately 18,200 B.t.u., which multiplied 
by 2.5 gives 45,500 B.t.u., thus agreeing quite well (within 
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at 


approximately 0.1 per cent) with the previously calculated value 
of 45,450 B.t.u. Figure 49 is of particular value for determin- 
ing the amount of heat required to raise a gas from one tempera- 
ture level to another. Thus to find the amount of heat required 
to raise 1 mol of CO2 from 500°F. (260°C.) to 3000°F. (1649°C.), 
the total heats at the two temperatures are read from Fig. 49 
and the difference between them gives the amount of heat 
required. At 3000°F. the total heat of CO, per mol is about 


Thermal Capacity 
One Pound above 32°F 


Melting 


Point 


Meltittg Pornt 
198.4 °F. 


$2 250 500 150 1000 1250 1500 1750 2000 2250 2500 2750 3000 
Temperature, deg.fahr. 


Fig. 50.—Total heat content of metalsin B.t.u. per pound above 60°F. (Adapied 
from “Combustion,” Am. Gas Assoc. (1924).) 


35,200 B.t.u., and at 500°. is 4500 B.t.u., and 34,200 — 4500 = 
29,700 B.t.u. is the amount of heat which must be used to heat 1 
mol of COz from 500 to 3000°F. 

Specific Heat and Heat Capacity of Liquids and Solids.—The 
molal heat capacity of liquids and solids usually cannot be sim- 
plified as readily as for gases. or accurate results, the values 
must be determined individually for each substance. Table 
LIV gives the specific heat of several elements over various 
temperature ranges. A portion of these data are shown 


212 FUELS AND THEIR COMBUSTION 


TABLE LIV 


Sprciric Heat or CupmMicaAL ELEMENTS* 
ADEE ee ee ue se Soe ee eT ee eee 


Temperature ranget Specific heat 
Element Symbol 
Degrees Degrees B.t.u. per | B.t.u. per 
Fahrenheit | Centigrade | lb. per °F. |mol per °F. 
IMs na gegen adn oso os Al 60.8—212 16— 100 0.2122 5.74 
TAR ey es cos.ove ater ere oe ae Al 60.8-579 16— 304 0.2250 6.10 
JT Gia TI gt tree imi ore) ate eae Al 932 500 0. 2739 7.43 
ATA OD Siyracte cia eh A Eos Sb 59 15 0.0489 5.88 
Antimony a-ceeG meee eee Sb 212 100 0.0503 6.05 
Antimony cepa ei ere el shee Sb 392 200 0.0520 6.25 
ATBeniG:.. dane Seine aes lb < Bee As 32-— 212 O- 100 0.0822 6.16 
Bisinuitha. ss 2o.c0st es selene Bi 68— 212 20-— 100 0.0302 6.31 
Carbon (graphite)........... Cc 1.8 11 0.160 1.92 
Carbon (graphite)........... Cc 1791 977 0.467 5.60 
Carbon (graphite)........... (@} 3146 1730 0.500 6.00 
Chromium-eere renee Cr 32 | 0 0.1039 5.40 
Chromiitaeeera ties saete eter Cr 212 100 0.1121 5.82 
Chromiumeee. qenncics vee ae Cr 1112 600 0.1872 9.7 
Cobaltsccits sagem es feet Co 932 500 0.1452 8.51 
(Copperiencmcnsck Gtk ste ee Cu 212 100 0.0942 5.97 
Copper’ saosin teresa ns ee xe aye Cu 683 362 0.0997 6.36 
Coppers: ance wdcisnats siete as Cu 1652 900 0.1259 8.00 
GIG Fat glee ar Au 32-— 212 O- 100 0.0316 6.22 
Tron 
Gastunrahraniecthhuircnoiess Fe 68— 212 20— 100 0.1189 6.63 
NV LOWS Libre ceeteiey: aie eteeer: SPovere 59-— 212 15— 100 0.1152 6.43 
WirOUgbitpe sesame aestac sina sia 932 500 0.176 9.81 
1832-2192 | 1000-1200 0.1989 11.09 
far edraiwm Veen cacceste tas rete leer 32- 392 Q— 200 OL 1125 6.85 
32-— 932 O- 500 0.1338 7.46 
32-1472 O- 800 0.1597 8.90 
32-1652 0- 900 0.1644 9.18 
38-1832 0-1000 0.1557 8.68 
32-2012 0-1100 0.1534 8.56 
WGA anc v-emene sited un eee ues Breas Pb 212 100 0.0311 6.44 
572 300 0.0338 7.00 
INE anyenbWm cn ao aac Poaceae oF Mg 68— 212 20-— 100 0, 2492 6.05 
Mang anOsedacu ssn seals tater Mn 68— 212 20-— 100 0.1211 6.65 
IMGreuryii ewe gdean ment rtee ae Hg 212 100 0.0328 6.58 
INColybdenuinmecc. earn ite Mo 68— 212 20— 100 0. 0647 6.21 
INT OKO) as ten ole acta stone aieisiels Ni 212 100 0.1128 6.62 
572 300 0.1403 8.24 
932 500 0.1299 7.61 
PlAtin Mma are saree Pt 68—2372 20-1300 0.0359 7.01 
BU OTc ee ieensdeie rs aie eiiee ue scree Ag 62.6-945 17— 507 0.0600 6.47 
ED ito (Oath) peeteaiamitsencrersicteiak oe Sn 69 .8—228 21-— 109 0.0551 6.85 
AMUN Sten srtoniere cinta yeh a) stocantk WwW 32— 212 0- 100 0.0336 6.18 
4354 2400 0.045 8.28 
VANE Gaia 8 at SOE RO OR E LTO! Zn 68— 212 20— 100 0.0931 6.08 
572 300 0.1040 6.80 


————— a ee 
* Adapted from Smithsonian Physical Tables. 
t When one temperature is given, the specific heat at that temperature is indicated, 
otherwise the mean specific heat, 
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graphically i in Fig. Mi where the heat capacity in B.t.u. per lb. 
is plotted against the temperature. A plot of this type is more 
serviceable than the tabulated values, since it includes the heats 
of transformation and of fusion, in addition to the specific heats. 
Thus, the heat capacity of copper at 2000°F. (1093°C.) is 300 
B.t.u., of which 78 B.t.u. is the heat of fusion at 1982°F. (1083°C.) 
and the remainder is sensible heat of the solid and liquid copper. 


TABLE LV 


Speciric Heat or Some Common Liquips AND Souips* 


Temperature range 


Material a i ee Leanaspecitic 


heat 
Degrees Degrees 


Fahrenheit | Centigrade 


Alloys: 
Pellimetall sepa eco 59-208 15- 98 0.0858 
IBPAssr WEG cs lt dec asus es rth 32 0 0.0899 
Brass, Vellows ee oe oe 32 0 0.0883 
S025 Cur 20% en... 5. 57— 208 14— 98 0.0862 
totele (PUAN Ou Miles ee oye 68— 212 20— 100 0.1043 
Gera musty lee seis w eae 32— 212 O— 100 0.0946 
ROSE e ell O Viewty tice Re gta 68-— 192 20—9 30 0.0552 
end itive eee aes eae) eA PDIOX: Approx. 0.042 
Antimony-lead............ Approx. Approx. 0.040 
Glass: 
OWT Merete ees clk 50— 122 10-50 0.161 
a eeerte eta et ae 50— 122 10-50 0.117 
Bric kew Ol Karaes the ake akc Approx. Approx. 0.20 
Clay, sand, stone. ee Approx. Approx. 0.20 
Coker tect , (5% re 68— 500 20-— 260 0.240 
68-1000 20-— 538 0.303 
68-1500 20- 815 0.338 
68-2000 20-1093 0.363 
(25% Ash)| 68- 500 20— 260 0.234 
68-1000 20— 538 0.289 
68-1500 20- 815 0.320 
68-2000 20-1093 0.342 
Petroleum es eee ee Approx. Approx. 0.50 
[Benizo leer eee ae 3 Approx. Approx. 0.40 
VV OO CUNO ayatceney Sicuete meccusst tet Approx. Approx. 0.60 
WEN Dcccie o dow ato & De eo) eet Meh gap. Approx. 1.00 


* Adapted mainly from American Gas Association.* 
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Approximate values of the specific heats of some of the more 
common liquids and solids are given in Table LV, and the heats of 
fusion and transformation, and the temperatures at which these 
changes occur, are shown in Table LVI. 


TABLE LVI 


THERMO-PHYSICAL Data oF CHEMICAL ELEMENTS* 


Melting point Heat in Total heat | Specific 
z Latent | 6.7 35. 
solid above SPIES liquid | heat of 
El é 32° R Sab Ps at melting | liquid, 
Caw Degrees | Degrees melting Bt : point, B.t.u. 
Fahren- | Centi- point ae < B.t.u. per Ib. 
heit grade | B.t.u. per lb. ; per lb. per °F. 
pW ivhoteyees ea es ener Seer, Caer 1214 656 301.5 163.5 365.0 0.308 
ANTIMONY tects eel) LLG: 630 61.2 72.5 133.7 0.0605 
Ley eMR Maa Oo nane hoe 516 269 16.2 21.6 37.8 0.0363 
Chromiumi.co..sehests oF ey fa 3 1489 634 128 762 0.24 
Copperadennece he vais 1982 1083 214 78 292 0.156 
Tron: 2795 1535 461 122 583 0.20 
First transformation 1346 730 
point, 
Latent heat of transfor- 
mation 9.4 B.t.u. per 
lb. 
Second transformation 1652 900 
point. 
Latent heat of transfor- 
mation 10.8 B.t.u. per 
Ib. 
Wendie cencatink Sacvtetare 620 327 20.9 10.8 31.7 0.0402 
IManganésey.sncs cee. ol e0s 1207 505 72.5 578 0.357 
Nickel: 2642 1450 398 123 521 0.20 
Transformation point. . 446 230 
Latent heat of transfor- 
mation 8.4 B.t.u. per 
Ib. 
Silver Ac seaa es Dos 6 eee 1763 962 ay 44 161 0.0748 
DD tip tieee ita to aie 450 232 25.8 24.9 50.7 
VAC RIE MG CaN REE CRT te 786 419 81.5 40.6 122.1 0.179 


* Data from RicHaRps,$ 


Although it is not possible to determine the specific heat of all 
solids accurately, Kopp’s law offers a simple method of approxi- 
mating the correct values when no more accurate data are 
available. This law states that the formal heat capacity (total 
heat in one formular weight of the material) of a solid may be 
determined by a summation of the atomic heat capacities of the 
constituents, The values of the atomic heat capacities at room 
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temperature are C = 1.8; H = 2.3; B = 2.7; Si = 3.8; O = 4.0; 
P = 5.4; F = 5.4, and for all other elements 6.2. The heat 
capacity of CaCO; per mol then should be, 


(es © eo) 
Sc a ere 


The specific heat per lb. should be 20.0 divided by the formula 
weight, or 20.0 X 409 = 0.200. The actual value experimen- 
tally determined is 0.202. Errors as high as 10 per cent may be 
found at times in calculating the specific heat in this manner, 
but the method may be used where more accurate data are not 
available. 

Balances.—The solution of all combustion problems may be 
visualized as the determination of a series of balances. Thus, as 
outlined above, the ratios of air to flue gas, flue gas to fuel, and 
air to fuel may be calculated by equating the carbon or nitrogen 
put into the furnace with what goes out. The per cent excess 
air, the net hydrogen in the fuel, and the moisture in the flue gas 
are determined from an oxygen balance. Element balances of 
this type, and total material and heat balances, form the nucleus 
of most calculations. Where each of the streams entering and 
leaving a furnace may be measured and analyzed, such balances 
are ideal for ascertaining the accuracy of measurement. When 
one or more of the important pieces of data are missing, the 
balance method is valuable for determining them. 

The application of this method to the calculation of results 
from furnace tests is shown by the following section of examples 
of combustion calculations. 

Examples of Combustion Calculations.—The remainder of this 
chapter is devoted to an outline and a discussion of the calcula- 
tions involved in interpreting the data obtained in tests on a 
boiler furnace, a gas producer, and a lime kiln. The examples 
given illustrate the application of the principles discussed in the 
earlier part of the chapter, and the methods employed may be 
adapted to all types of combustion problems. Since graphical 
short cuts may be used for the rapid and reasonably accurate 
solution of many combustion problems, a short section on this 
subject has been included. 

ie Boiler-furnace Calculations. Example I.—The following data 
_ were obtained from a boiler plant: 
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Data 
Goal: usediy..th ie ees Leer Ne bier ee 4,980 lb. per hr. 
iWatersted) 10) boilers;eise eee si ieee 41,400 lb. per hr. 
Feed-water temperature................. 202°F. 
Steam! temperauuren. see eee einer 564°F. 
Steam pressure (gage)................... 245 Ib. per sq. in. 
Hlue-sasitemperatunes se seer enter: 700°F. 
Coal analysis (as fired), | Flue-gas analysis, Cinder analysis, 
per cent per cent per cent 
OE ai rom oa Ee rae e 76). oi COs 13.0 | Combustible....... 28.5 
TH Fee tents ae bescch fev An SEO sarees D7 ASH, Soran eae 135 
Oe eer: ee AA): COR. ee 0.6 
INI ithe an See AS O26) |e Nowe ee 80.7 100 
ee ces RFE foe: AREY ee 12, 
SAS pe trere. se mere 9.7 100 
Motistureea see) na: 
ARGH ee aon eee e  LAU0) 
B.t.u. per lb........18,400 


From the data given the magnitude of the various items of 
heat entering and leaving the boiler should be calculated and 
the total heat input compared with the total heat output. Such 
a comparison is called a heat balance. The items of the heat 
balance are as follows: 

Heat input: 
1. Heat in the coal. 
2. Heat in the feed water. 
Heat output: 
3. Heat in the steam. 
4. Heat lost in cinders (unburned fuel). 
5. Heat loss in stack gases: 
(a) As sensible heat in the dry gas. 
(b) As the heat carried by water vapor from moisture 
and from hydrogen in the coal. 
(c) As undeveloped heat (unburned CO, H», or CH,). 
6. Radiation, with which are usually grouped all unac- 
counted-for losses. 
In this particular case the bass of calculation will be taken as 
1 hr., and the amount of heat above 60°F. (our datum line) that 
flows into or out of the furnace will be calculated. 
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& 
H®AT-BALANCE CALCULATIONS* 
Basis: 1 hr. Datum line, 60°F. 
Input: 
1. Heat in the coal: 


Weight of com 
coal multi- 1m 
plied by 

B.t.u. per 

Ib. 


4980] x 13,400 


2. Heat in feed water: 


Pounds of 
feed water 
multi- 
plied 
by rise in 
tempera- 
= above 
atum 
line, and 41,400} X (202 — 60) 
by specific 
heat. 


BW Oa ULSIRAP SUL trees erorocrer oR Site ovat ov eta vers Nee e ae te 71,609,000 B.t.u. 
Output: 


3. Heat in steam: 


Determine B.t.u. per lb. from steam 
tables for saturated steam at 245 
lb. per sq. in. Add heat due to 
superheat. Temperature  corre- 
sponding to 245 lb. per sq. in. is 
405°F. Therefore, superheat is 564 — 
405 =159°F. 


* The legend above the number in the space 6, ere the 


units of the number. This method of indicating the steps in a computation 
is a modification of that used by Walker, Lewis and McAdams, “ Principles 
of Chemical Engineering,’’ McGraw Hill Book Co. Inc., 1923. The head- 
ings used by them indicated the results accomplished by all operations 
up to the point in question but did rot describe the factors employed. 
Since some of the readers of this book will be unfamiliar with chemical 
methods of computation it has been deemed wiser to indicate first the result 
to be accomplished in the calculation and then above each step to describe 
the character of the factor employed. Much more explanation has been 
given than is absolutely required, and the calculations have been broken 
down into simple steps in order to acquaint the reader readily with this 
method, 
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Correct for 
difference 
between 
datum line 
chosen and 
datum line 
of steam 
tables. 


Multiply 

B.t.u. per 
pound by 
pounds of 
steam. 


Calculate 
ash in orig- 
inal coal. 


Calculate 
pounds of 
carbon* 
cor He - 
sponding « 

to this ash. 485 


Multiply 
pounds of 
carbon by 
heating 
value per 
Ib. 


5. Heat loss in stack gases: 
(a) Sensible heat in stack gases: 


Galeulate Carbon in coal = 4980 X 0.763 = 3800 lb. 
mols of Carbon in ash (see item 4) = TS iie. 
carbon in 

stack gases <e  e 
Gels = Carbon in gas (by difference) = 3607 lb. 


Mols carbon in gases = 3607 +12 = 301mols 


Calculate 
mols of dry 
stack 
gases. 


301 


*Although probably not strictly true, the combustible in the ash may be 
considered as carbon. 

} Since gas analyses are on a dry basis, this calculation does not include 
moisture in stack gases. 
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Calculate 
molsof Gas 


NS. 
each gas. yw 


0.130 iz 287 mols 


OMEN a CORE Wom arene 2210 X 0.870 = 1923 mols 


From sen- Gas B.t.u. Per Mou. 


Bc On AS: Broke eee etn 6300 


Multiply 
mols by 
B.t.u. per 
mol. 


Os, Nz, CO........... 1923 X 4450 = 8,557,000 B.t.u. 


ous eas qm cdirny puack onses. = or eyse ere ci sleds ae 10,365,000 B.t.u. 


(b) Heat carried by water vapor from moisture and from hydrogen in 


coal. 


H.O from Moisture in Coal 


Calculate 
mols of 
moisture 
in stack 


gases. 4980 


4980 | X 


Calculate 
sensible 
heat in 
water 
vapor. 


= 697,000 B.t.u. 
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Calculate 

heat of 

vaporiza- 

t2)0 1 of 

water 
- vapor. * 


Total heat (sensible plus latent) in water vapor 3,152,000 B.t.u. 
(c) Undeveloped heat: 


Determine iS mols 
mols of 
CO. 
o 
: ge 
Multiply 
mols of CO 
by Eee 
er mol. 
4 1,628,000 B.t.u. 


Total stack losses = (a) + (b) + (c) = 15,145,000 B.t.u. 


6. Radiation and unaccounted-for losses: 


Determine ‘Total input......... 72,609,000 B.t.u. 

by differ" ~~ Accounted-for output 70,389,000 B.t.u. 

(Items 1 + 

> eters Unaecounted for 2,220,000 B.t-u. 2,220,000 B.t.u. 
Totaloutpute. 2. sects ts ee eee) 2, G09 000Sh trie 


The results of the above calculations may now be assembled in 
the form of a heat balance and the percentage of each item 
calculated. 

Heat BALANCE 


Basis: 1 hr. Datum line, 60°F. 


PER 
Input: B.t.u. PeER Hour Crnt 
(me Hleaitcin. coal aos as an eso ae enioae airman OOM CoOs OU0 mmm NEG 
Qe teat in Feed Waberace attics. te em erent eae 5,879,000 Shall 
otal: 5:3 a0, ocauarmssewie he + MR ee ee Meee me CR OUGROUU mms OURO 
Output: 
Sa MELA Cr SUSHI, Ws aept, sts, seg MMe hea eat ee eee ee 52,437,000 72.2 
AM Hesttuloss: in gin der. <4)o2 odin cence eee ee SUTMUOG 3.9 


*Since the high heating value of the fuel was used in the heat input, 
heat of vaporization of the water must be included in the output. 
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5. Heat loss in tauk inees ete ats Seo Sa 15,145,000 20.9 
(a) Sensible heat in dry gases.......... 14.3% 
(6) Heat in water vapor...-........... 4.4% 
(c) Undeveloped heat in CO........... 2.2% 

6. Radiation and unaccounted-for losses. . . 2,220,000 3.0 
EG USDA Mie: ee ie a SPE Arg on Gh 72,609,000 100.0 


It is advantageous many times, especially in comparing boilers 
operating under different conditions as to feed-water tempera- 
ture, to rearrange the heat balance so that percentages represent 
fractions of the heat in the coal alone, and not that in the coal 
plus feed water. In this case, the heat output in the steam is 
heat above feed temperature, and is numerically equal to item 3 
minus item 2. The heat balance on this basis is as follows: 


Heat BALANCE 


Basis: 1 hr. Coal only input. Datum line, 60°F. 


Bria. Per 
Input: Perr Hr. Cunt 
NOL EnieiTiCOn oemret etre s Sep esiea: oe Fee 66, 730, 000 100.0 
Output: 
3a. Heat in steam minus heat in feed water. . 46,558,000 69.8 
MPR oat lostal GiIndensien .calt .etaote ie ede el 000, 000 4.2 
Her Hea tiost i stack CaAseiahn ss eas actrece a 15,145,000 22.7 
(a) Sensible heat in dry gas....... 15.6% 
(b) Heat in water vapor.......... 4.7% 
(c) Undeveloped heat in CO...... 2.4% 
6. Radiation and unaccounted-for losses... . . 2,220,000 Shan 
SUS eee rete ee erets Mae ears a. Aas ae 66 , 730,000 100.0 


In addition to the heat balance, the excess air used and the 
ratio of air to coal should also be calculated. The methods are as 


follows: 
Excess air: 


Basis: 100 mols dry stack gas 


sols 


From Ne, calculate total Oz 
in the air used (Ne balance). 


21.5 mols 


From flue-gas analysis determine excess Free O» in gas = 5.7 mols 
oxygen (O2 balance). 


O, necessary to burn CO. = 0.6 X 44 = 0.3 mols 


Excess O. = 5.4 mols 
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so gsc 
Oz necessary for combustion. 21.5 pa a ee 
5.4 X 100 


Excess air equals (excess Oz divided by 
necessary Oz) X 100. 16.1 


Air—coal ratio: 


= 33.5 per cent 


Basis: 1 lb. coal 


From Ne calculate total mols 
air used (Ne balance). 
2210 mols dry flue gas 
per 4980 lb. coal (5a). 


Convert mols to pounds. 


and then 
to cubic 
feet at 
= 172 cu. ft. 
air per lb. 
of coal 


It is sometimes convenient to approximate the efficiency of 
a boiler by a much simpler process if precise results are not 
necessary. By determination of the stack and cinder losses, and 
assuming a proper per cent for radiation and unaccounted-for 
losses, the efficiency may be calculated. Although this method 
obtains the efficiency by difference, the major losses are measured 
directly, and the amount and the distribution of the losses are 
often of more importance from the point of view of improvement 
than the efficiency itself, The following example illustrates the 
method; 
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Example Il. 
Dara 
ee 
Flue-gas analysis, Cinder analysis, dry Coal analysis, dry 
per cent basis, per cent basis, per cent 


————— 


COnts ase LJOn |: Ganboniss. sa. 20.0 |\Carbom...... TESA8) 

Osnee eo So QUAIBA S Nistee anno, Bee SOs | RASH te ee 10.0 

CORE aan 0.0 Moisture..... 3.0 

No. 81.0 100.0 | B.t.u. per Ib.. 14,000 
100.0 


Stack-gas temperature, 600°F. 


CALCULATIONS 


Basis: 100 lb. of dry coal. Datum line, 60°F. 
Input: 
1. Total heat in coal: 


Multiply 


per Ib. 100 x 14,000 | = 1,400,000 B.t.u. 


2. Heat in feed water: 

This item is not included as heat input, in this 
method, and only the net heat in the steam (above 
feed-water temperature) is considered as an output 
in item 3. Thus, percentages represent direct 
fractions of the heat in the coal as in the second 
heat balance above. 

Output: 
3. Heat in steam above feed-water temperature: 
—obtained by difference after item 6. 
4. Loss due to unburned fuel in cinder: 


From the 
Ib. of ash 
per 100 lb. 
coal caleu- 
late the ib. 


in this 
amount of 
carbon. 
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2.5 


5. Heat loss in stack gases: 
(a) Sensible heat in dry stack gases: 


Calculate mols carbon 
in stack gases (carbon 
balance) and then mols 
dry stack gases. 


Carbon in coal = 100 


Carbon in ash = (see item 4) 2.5 Ib. 


Carbon in gas (by difference) 72.5 Ib. 


Mols carbon = 
in gas 


Mols dry stack gas = 


Number of mols of CO. = 65 6.04 mols 


Number of mols of Oo, Ne = 55 X 0.89 = 48.9 mols 


B.T.U. PER 


Gas MOL aT 600°F, 
From Fig. 
ae el CO. sey hace eee nec 5200 
total heat Os SNGat Aue eS TSU) 
content of 
Las HO: to? 4550 
at 600°R. 
Multiply 
mols by 
B.t.u per 
mol, Heat in CO, = 6.04 


Heat in Os, Ns = 48.9 


Total heat in dry stack gases................. 216,400 B.t.u. 
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(b) Heat in water vapor: 
(1) H.O from moisture in coal: 


Calculate mols of mois- 
ture in stack gases. 


or 3 + 18 = 0.17 mol HO 
(2) Water from burning net hydrogen in fuel:* 
Basis: 100 mols dry flue gas 


$2 9 O82 
Bom 


yer 
From an OQ: balance 
calculate moisture 8] x 
equivalent to the net Hz 
of the coal. 


sie 
o|— 


= 21.5 mols O» used 


By difference | 2.5 mols O» used to 
(Oz disappearance) | burn net H, 


2.5 x 2 |= 5.0 mols Ho per 100 mols gas 
or 0.05 mol H, per mol gas 


Convert the net He 


to coal basis. 0.05 = 2.75 mols H» per 100 


lb. coal 


.’. Total H,O in gas equals 
HO from moisture. ....s0...0+...-05 4 O.1¢ mol 
FH Otro iinet ssn. ns90 arte anes CO OLS 


opal: Onna raceme rte Reece O2mols 


* This calculation neglects H.O formed from O; in coal. See p. 229 for 
method of calculating this item. 
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Calculate sensible heat 
in water vapor. 


Calculate heat of vapor- 
ization of water vapor. 


Total heat in water vapor 
(c) Undeveloped heat: 
No combustible gases.............. O B.t.u. 


Total stack losses [(a) + (b) (c)]................. 285,200 B.t.u. 
6. Radiation and unaccounted-for losses (assumed equal to 5 per cent): 


70,000 B.t.u. 


3. Heat in steam: 


Determined by difference 
Item 1 — Items (4 + 5 + 6). 
Item 1 = 1,400,000 B.t.u. 
Items (4+5+6) = 390,200 B.t.u. 


1,009,800 B.t-u. 1,009,800 B.t.u. 


ASSEMBLY OF ABOvE Data INTO HEAT BALANCE 


Basis. 100 Ib. coal. Datum line, 60°F. 


PER 
B.t.u. CrntT 
Input: 
IeHeat In. CORLa nese cone ven. eee ee ~ 1,400,000 100.0 
Output: 
3. Heat in steam above feed-water tempera- 
TUT tae Kaen de ok ores oO cane ene 1,009,800 72.1 
Ae Hea talogs) Im icin enennnicni ieee ame eae 35,000 2.5 
Owe LLGaltg OSS Uns SheC Kee ac ieee rn 285,000 20.4 
(a) Sensible heat in dry gas............. 15.5% 
(b) Heat in water vapor. Se se A 
(c) Undeveloped heat in CO. 0.0% 
6. Radiation and unaccounted- for ican ae 
SUMEC) cme ic eee Re en sae 70,000 5.0 


TOE eiadetesnctcks © casio: Or erence eee ee 1,400,000 100.0 
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In both of the above examples of boiler-furnace calculations 
the ultimate analysis of the coal was used. For all accurate cal- 
culations it is necessary, as in these two cases, to have the per- 
centage of total carbon in the coal. In many short plant tests, 
however, only the proximate analysis is available, and for cal- 
culating the results of such tests it is necessary to calculate the 
per cent of carbon in the coal by means of the formulas given on 
page 257. The remainder of the calculations are the same as 
those outlined in the two examples given. The calculations made 
on the basis of the empirically determined carbon content, 
although sometimes subject to considerable error, may be very 
valuable for quick and reasonably accurate determinations of 
plant efficiency. 

7 —Producer-gas Calculations.*—The calculations from producer- 
gas data are of distinct importance, including several items not 
found in boiler calculations. The following example shows the 
method employed in connection witha producer-gas fired furnace. 


Example III. 


DATA 
Coal analysis, Producer-gas Cinder analysis, Analysis of 

dry basis, analysis, dry basis, furnace-flue 

per cent per cent per cent gas, per cent 
Lo eRe eB op ete ws TORO MO a name srs ere PAL) IE Gn Ae es Neer ASHI CO a raatacsicl cr etches 10.7 
0 Pes cee eae oem iier = te [is 0) Saemenvar ney ore 0.2 | Ash By ba ceca, re ee aot 8.3 
igs ce ctae kr eins 5.4 | CO 20.5 — | Co.. 0.0 
Ash. cr Be a & He aa eral a A 12.5 LOO NON ars os sae te 81.0 
Se Oe DN Cea ores ctie tans 0.5 
Seek ae fra") Cis seoJ0 100.0 
B.t.u. per INS -aiensie each ame Producer-gas temperature = 1350°F. 
UD Pes eva mieten te 14,400 


Moisture, 4.0 per cent.| B.t.u. per cu. ft. gross, 60°F., 30 in. Hg and saturated = 142.7. 


From the above data, the following results should be deter- 
mined: 

1. Cubic feet of gas (measured under standard conditions) 
per lb. of coal. 

2. Cubic feet of air per lb. of coal. 

3. Steam decomposed per Ib. of coal. 

4. Total steam used per lb. of coal. 

* Certain steps in this calculation follow directly from the discussion 
of producer gas in Chap. XVIII. It is suggested that Chap. XVIII be read 
before these calculations are taken up. 
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5. Air required for combustion of gas. 
6. Excess air used in combustion of gas. 
7. Heat balance on the producer, showing: 
(a) Input: 
(1) Heat in coal. 
(2) Heat in steam. 
(b) Heat Output: 
(3) Undeveloped heat in gas. 
(4) Sensible and latent heat in gas. 
(5) Loss in cinder. 
(6) Radiation and unaccounted-for losses 


CALCULATIONS 


Basis: 1 lb. dry coal. Datum line, 60°F. 


1. Cubic feet of gas per lb. of coal: 
(a) Dry gas (by carbon balance): 


Carbon in coal. 


Carbon 
Be 
cinder, 


Total mols carbon in gas 0,743 


= 0.062 total mols of car- 


bon in producer gas 


Mols carbon per mol of pro- 
ducer gas (from analysis). 


co2 


oe 


ge 
+ 0.208 {[ + 0.03 


s 


0,075 = 0.32 mol ecar- 


bon per mol 
of producer gas 
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From total mols of carbon 
in gas and mols carbon per 
mol gas get mols gas per lb. 
of coal. 
0.062 = 0.194 mol gas per 


lb. of coal 


Convert mols to 


cubic feet. 
=) 7S, Ol cumtt-wof wary, 
gas at 60°F. and 
29.92 in. Hg 
Change from dry 
gas to gas satu- 
rated at 60°F. 
Se pressure 
20 at 60°F. = 
0.52 in. Hg). 
ao 
73.60 = 75.0 cu. ft. gas satu- 


rated with water at 
60°F. and at 29.92 
in Hg 


Convert to a pressure 
of 30 in. Hg. 


= 74.8 cu. ft. gas at 
60°F., 30 in. Hg, and 
saturated with water 
vapor 


(b) In addition to the dry gas, there is a certain amount of water vapor 
from the moisture and oxygen in the coal, and from undecomposed 
steam. The water vapor from the coal may be calculated as follows: 


From moisture in coal. 


From oxygen in coal. 
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Equivalent mols H20. 


= 0.00584 mol H.O per 
lb. of coal 


Convert to mols 
H20 per mol of 
dry gas. 


= 0.03 mol H,O per 


0.00584 
mol dry gas 


(c) The undecomposed steam, has not been included, and unless the 
steam is metered, it cannot be determined directly. The total water 
vapor in the gas may be calculated approximately from the gas 
analysis, using the equation (Chap. XVIII) as follows: 

Total mols H2O per 100 mols of dry producer gas = BebE ED 
(CO) (0.096L) 

where L is the depth of fuel bed in feet. 

In this case, assuming a 5-ft. fuel bed, it would be: 


5, WBYO2 Sy 
Total mols H.O = (20.5) (0.48) ~ 9.5 mols H2O per 100 mols of gas. 


The mols of water per lb. of coal equals 


The total mols of producer gas per lb. of coal is the sum of the mols of 
dry gas (Item 1(a)), 0.194 and the mols of water vapor, 0.0184, or a total 
of 0.212 mols. If the temperature and pressure of the producer gas are 
known this figure may, of course, be converted to the actual volume of 
gas leaving the producer. 


: 9.5 
The undecomposed steam is then Tog} — 0.03 | = 0.065 mol per 
mol of gas 


or, 0.065 
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2. Cubic feet of air vi lb. of coal: 


Pes cr ie = 
per lb. of coa ‘ 
(see 1(a)) and per yo fey 
cent No in gas cal- 2 
culate mols of air 

per lb. of coal (N2 0,194 


lance). 


Convert mols to 
cubic feet. 


= 62.0 cu. ft. dry 
air at 60°F. 


3. Steam decomposed per Ib. of coal: 


Method (a). By He balance. From the total Hz in the producer gas 


subtract the net H» in the coal. 
Determine net H2 


Sib of socal. Total H, in Ae ates 0.054 lb. 
H: corresponding to O: in coal = oe Soh terae 0.007 lb. 
Net H. in coal....... 0.047 lb. 


Convert pounds He to mols. 0.047 0.0235 mol. net TH 
- = iy A 
in coal 


Determine total He in producer gas from analysis. 


se Oy 
o> xo 
is Ese 
0.125 |+ 2 x 0.030 +2 X 0.005 = 0.195 mol total 


H, per mol gas 


= 0.0378 mol He in 
gas per lb. of coal 


Calculate He from steam 
(by difference). 


= 0.0143 mol Hz from 
steam 
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Calculate pounds of 
steam. 0.0143 = 0.258 lb. of steam 


per lb. of coal 


Method (b). By Oz balance. From the total O» in the producer gas 
subtract the O2 from the air to get the oxygen from the steam. 


By O: balance calculate 
O2 from air. 


= 0.0288 mol O» from 
air per lb. of coal 


Determine total O2 in pro- 
ducer gas from analysis. 


0.075 | + 0.902 + 9.205 | = 0.180 mol total Oz 
per mol producer gas 


= 0.0349 mol total O2 
in gas per lb. coal 


Calculate O2 from steam 
(by difference). 


= 0.0061 mol O, from 
steam 


Calculate pounds 
of steam. 


= 0.220 Ib. of steam 


per lb. of coal 


0.258 + 0.220 
») 


Average* amount decomposed = = 0.239 Ib. cf 


steam per Ib. of coal. 


* The difference in results obtained by the two methods of calculation 
is due to slight inaccuracies in the gas or coal analyses. A small error in 
either develops a relatively large error, since the results are obtained by 
differences. The average value gives the best approximation. 
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4. Total steam used per Ib. of coal: 
Sum of decomposed and 


undecomposed —_ steam 
(items 1(¢) + 3). 


= 0.466 lb. total steam 
per lb. coal 


0.239 X 100 


The per cent decomposed is = 51.3 per cent 


0.227 + 0.239 
_ 6. Air required for combustion of producer gas: 


Basis: 100 mols dry producer gas 


Mots O2 Re- 

QUIRED FOR 

Gas Mots CoMBUSTION 

poe separ COs Reeser eee TEAS 0.0 
ee ee en 2075 10.25 
Fg Ro ee tee nn Me NPS 6.25 
Wits. 0.5 1.5 

(COU Pie 8 Sey: Sees 3.0 6.0 

Motel reeeees ore care: 


Subtract O2 present and 
multiply by air-oxygen 
ratio. 


113 mols air or 1.13 mols air per mol gas, or by direct ratio 1.13 cu. ft. air 
per cu. ft. of gas (measured under same conditions) 


6. Excess air used in combustion of gas: 


Basis: 100 mols dry producer gas 
Method (a). Using value of air required as above: 


Calculate mols of flue Mols carbon in producer gas (CO, + CO + 
gas (carbon balance). 2C,Huai CHar— 32-0 


32 = 299 mols dry flue gas 
Calculate 2 
one used ; ood 
balance). poi 
9% 


Mols N» in flue gas = = 242.0 mols 


Il 


Mols N2 from producer gas..........+- 55.8 mols 
Mols N» from air (by difference)..........-.- = 186.2 mols 


234 FUELS AND THEIR COMBUSTION 


186.2 x n = 236 mols of air used in burning 
the producer gas 
Calculate per cent Air used = 236 mols 
Oey Air required (see 5) = 113 mols 


Excess air (difference) = 123 mols 
or ee = 109 per cent excess air 


Method (b). Not using value of air required: 


Calculate Oo from airin Mols Ne in flue gas from air (as in method 
five ane. (a)) = 186.2 mols 


O, from air =186.2 


Meals are: O» in flue gas = 8.3 mols per 100 mols flue gas 


= 24.8 mols excess Op» in flue gas 
per 100 mols producer gas 


Determine 
Oz consumed 
(difference). 


49.5 24.7 mols O» utilized for combustion 


Calculate per cent Excess O2 X 100 24.8 X 100 


OxCOSS Nir: Required O, = 4.7 = 101 per cent excess air 


109 + 101 


Average per cent excess air PGraer Goe 105 per cent 


The slight discrepancy between the results of the two methods 
is due to the usual inaccuracies in the gas analysis. For example 
the apparent ratio of carbon to hydrogen in the flue gases is not 
quite accurate, as is shown by the following calculation. 


Basis: 100 mols producer gas 


Calculate carbon-hydrogen . . " ‘ 
ratid Ll pecdone Sanita Total C in producer gas = 32.0 mols. 
Total Hy» in producer gas = 19.5 mols 
C 32.0 
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Calculate the apparent carbon-hydrogen ratio in the flue gases and 
compare the two ratios. 


Calculate total 1 “ ; 
mig ee mo's Mols Oy in flue gas from air per 100 


mols producer gas (see item 6 (b)) = 49.5 mols 

Mols O» in flue gas from producer gas 
(CO, + O2 + %CO) = 17.9 mols 
Total mols O»: in flue gas per 100 of ——= = 
producer gas..... .... 67.4 mols 


Apparent O2 in flue Bute Ww 

ees par 100 ope ssioo~ oa ms ae 

of producer gas by \) [e) OY 20.7 
AS ls a Be 


carbon ratio. 


19 x 32 | x 


- 57.0 mols 


Calculate O2 uscd to 
form H20. 


67.4 | —— 457.0 | = 10.4 mols O, (disappeared) used 
to form H.O 


Calculate Hz corresponding 
to this Oz. 


Calculate carbon-hydrogen ; a 
ratio in flue gas. gas as compared with 1.64 


determined directly 
7. Calculation of heat balance: 


Heat BALANcE 
Basis: 1 lb. of dry coal. Datum line, 60°F 
Input: 
1. Heat in coal: 


2. Heat in steam: 
Total steam used (from item 4) = 0.466 lb. steam 
Steam pressure = 60 Ib. per sq. in. 
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B.t.u. per lb. steam at 60 lb. per sq. in. = 1181 B.t.u. (from steam 
tables) 
B.t.u. per lb. water at 60°F. (datum line) = 28 B.t.u. (from steam 


tables) 


Heat in steam equals weight 
of steam per |b. of coal times 
B.t.u. per !b. 4° 


536 B.t.u. 


Total heat inpute.- +) 14,936 B.t.u. 


Output: 
3. Undeveloped heat in gas: 


74.8 cu. ft. of producer gas at 60°F., 30 in. Hg (saturated) from item 1. 


74.8 


4. Sensible and latent heat in gas: 


Total mols dry gas (see p. 229) = 0.194 mol 
Total mols H,O (see p. 230) = 0.0184 mols 


SENsIBLE Heat 
B.t.u. PBR Mou (Mots Gas X B.1.0. 


Gas Mots oF Gas AT 1350°F. PER Mot), B.t.v. 
CO een ee 0.194 X 0.075 13,700 200 
Oz, No, Hz, CO 0.194 X 0.890 9 , 200 1,590 
CH, + C.H,4*.- 0.194 X 0.035 13 , 700 93 
HO Gee ee 0.0184 11,000 203 

Total sensible heat in gas = 2,086 B.t.u. 


Heat of vaporization 
of water (latent heat) 


350 B.t.u. 


Total sensible and latent heat = 2,436 B.t.u. 


*The molal heat capacity of CH, and C,H, is not given on the chart 
(Fig. 49) and is assumed to be equal to that of COs. Since the percentage 
of these constituents is small, the error is negligible. 
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5. Heat loss in cinders: 


Pounds carbon in cinder (p. 228) = 0.017 


0.017 


6. Radiation and unaccounted-for losses: 


Input... : pee 24.9386 Buta. 
Beauted for echo (ene 3 S: 4 +5) 18,352 B.t.u. 


Radiation and unaccounted-for losses... 1,584 B.t.u. 1,584 B.t.u. 


The results of the above producer-gas calculations may be 
summarized as follows: 

1. 74.8 cu. ft. of gas at 60°F ., 30 in. Hg (saturated) produced 
per lb. of coal. 

2. 52.0 cu. ft. of dry air at 60°F. used per lb. of coal. 

3. 0.239 Ib. of steam decomposed per lb. of coal. 

4. 0.466 lb. of steam supplied per lb. of coal. 

5. 1.13 cu. ft. of air required for combustion per cu. ft. of 
producer gas. 

6. 105 per cent excess air used in combustion of gas. 

7. The heat balance is: 


Heat BALANCE 


Basis: 1 lb. of coal. Datum line, 60°F. 


PER 
Input: B.1.0. Crnt 
ie Plea beim co alemeres ota the rain Gece bec aree tendon ee eOU 96 .4 
Dm HOAb IT ShCalipart mete: rel ores. ee el cuu teens 536 3.6 
Oud enti ae oO eer tee er Ginse said a ae peta La aO 100.0 
Output: 
3. Undeveloped heat in gas (cold efficiency)............ WO) 7A 
Zh Stevavsplelks INSET an TORVED 5 5 nto dc. tlo oe eematin  0 040 fio SOA 2,486 16.3 
Le ata OSSIN! CINGCELB ih panyen titans i os oh 2 teke ud noe phemeens te secs 246 1.6 
6. Radiation and unaccounted-for losses............... 1,584 10.6 


14,936 100.0 


The cold efficiency of the producer is item 3 or 71.5 per cent. 
The hot efficiency, 87.8 per cent, is the sum of items 3 and 4. 


Go 


a 


| 
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Lime-kiln Calculations.—In a combustion process where the 
' material being heated is in direct contact with the products of 
combustion, a slightly different method of attack may be neces- 
sary. The ratio of flue gas to fuel cannot be directly determined 
from a carbon balance when some carbon comes from sources 
other than the fuel. The method to be employed in such a case is 
illustrated by the calculations of the results from a test on a 
lime-burning plant, given below. 


Example Tv. 
Data oN LIME-BURNING PLANT TEST 
Analysis of coal, Analysis of cinder, | Analysis of producer Analysis of flue 

dry basis, dry basis, gas, gas, 

per cent per cent per cent | per cent 
Ce. 80.35 | Moisture...... 13.3 | CO2 729! | COs. 22.4 
Eiger ere oer 7.59 | Combustible. .11.5 | Os. 20) (ORs ee ee ee 5.6 
Sasiy acta 1.5 A Theta pataiee ce S855) | ACO te enn 18.4.1 COCR 0.3 
INS preseeel f o ox po IEE a tape tars Mrapcades 2d. | INS 6 oe ee re heed 
Oamiee ones 3.56 CHa sere 3 7 
UAB cern eran: 5.50 Nez 56.9 | Total .100.0 
‘Total sop tecress 100 00 STotalsee a. ee 100.0 


Moisture in coal, 5.4 per cent; B.t.u. per lb., 14,315. 
Per cent carbonate in limestone (calculated as CaCOs), 97.5 per cent. 
Per cent calcium oxide in lime, 97.0 per cent. 


The following calculations show the variety of results which 


may be obtained from a series of analyses with no direct weight 


measurements. 
CALCULATIONS 
1. Producer gas-coal ratio: 
Basis: 1 lb. of dry coal 
By a carbon balance get the total quantity of carbon going into the 
producer gas. Then from the total carbon per 100 mols of producer gas, 
as shown by the gas analysis, obtain the mols of producer gas and convert 
to cubic feet. 
Carbon balance. 


Carbon in 1 lb. of coal 1x —— = 0.8035 lb. 


6.5 


Carbon in cinder 100 


0.0071 Ib. 


os GBP DOD I BRE ees hot ie ae ae en 0.7964 lb 
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0.7964 
saa 0.0664 mol. 


From the gas analysis determine mols carbon per 100 mols of 
producer gas 


Converting to mols, 


Mots 
Biron) Chay eee ete creer eta esp 7.9 
Hrom GO Rewer oe, een 4 PL Sd. 
W thrice) a yh Ow gs eae gen oe im Cae yf 


30.0 mols carbon per 100 mols of 
producer gas 


*,. Mols producer gas 
per lb.of coal = = 0.221 mol. 


Convert- 


r 
coal as x 29.92 = 85.1 cu. ft. of 
; 29.40 gas at 60°F., 
30 in., satu- 
rated per lb. 
dry coal 
Allowing 1 


for mois- 85.1 X =, = 80.6 cu. ft. of producer gas per Ib. coal as fired 
ture in 1.054 
coal. 


2. Flue gas-producer gas ratio: 
Basis: 100 mols dry producer gas 

(a) From the producer-gas analysis get the nitrogen equivalent of the 
oxygen necessary for combustion of 100 mols of producer gas and add 
to it the N2 from 100 mols of producer gas. (b) From the flue-gas 
analysis get the nitrogen equivalent of the oxygen used in excess of 
that necessary for combustion. (c) Subtracting this quantity from 
the nitrogen in the flue gas gives, per 100 mols of flue gas, the nitrogen 
equivalent to the oxygen necessary for combustion plus the nitrogen 
from the producer gas. (d) Therefore, the ratio of (a) to (c) is the 
ratio of flue gas to producer gas. 

(a) No equivalent of O» necessary for combustion per 100 mols producer 


gas. 

oh Mots per 100 or OxyYGEN NECESSARY FOR 
CoNSTITUENT Propucer GaAs ComBUSTION 
COM etn tine 18.4 9.2 

(Fligerase: are coer Seres ei 6.05 

GC iemseeras cnt. 3.7 7.4 
Octet sonra i -1.0 


otal Oserecuineds men cr aretemert ars 21.65 mols 
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N» equivalent of Oz, 


N, in 100 mols producer gas...........-- 56.9 mols Ne 
Total N2 in flue gas per 100 mols of 
producer gas.... 138.4 mols N; 
(b) N» equivalent to the excess oxygen in the flue gas per 100 mols flue gas. 


(c) Ne equivalent of Oz necessary for combustion of producer-gas 
plus N» from producer gas equivalent to 100 mols of flue gas. 


1.7 | — 20.5 = 51.2 mol. Ne equivalent to theoretical O2 


per 100 mols flue gas. 
(d) Ratio producer gas (a) to flue gas (c). 


Ciel eee 
GE ES 2.7 mols of flue gas per mol of producer gas. 


or 2.7 cu. ft. of flue gas per cu. ft. of producer gas. 
or 270 mols of flue gas per 100 mols producer gas. 
3. Lime-coal ratio (fuel ratio) : 
Carbon balance. 
Basis: 100 mols dry flue gas. 
keg can ool Total carbon in flue gas (CO:+CO)...... 22.7 mols 


stone by differ- 
ence between 
total carbon in 
flue gas and 
carbon from 
producer gas. 


Carbon from 


producer gas = 270 = 11.1 mols 


.. Carbon from limestone.......-.... 11.6 mols 
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Since 1 mol of carbon comes from Mols CaCO; decomposed equals 11.6 
mols per 100 mols flue gas 


1 mol of limestone, then 


Pounds of stone decomposed. 


= 1190 lb. limestone per 
100 mols flue gas 


Pounds of lime formed (1 mol 
CaO = 1 mol CaCOs) 


Coal used equals 


Calculate pounds of coal per 
100 mols flue gas from ratios 
of producer gas to flue gas 
and coal to producer gas. 


X 100 = 167.5 lb. dry coal per 
100 mols flue gas 


Lbs, dry coal + !bs. moisture = 
Ibs. wet coal. 1.00 


Pounds coal as fired per 100 mols flue gas = 167.5 & 1.054 = 
176.6 lb. coal per 100 mols dry flue gas. 


Pounds of lime per lb. of coal fired 


Divide pounds of lime per 100 
mols flue gas by pounds of coal 
per 100 mols flue gas to get the 
fuel ratio. 668 


100 176.6 


ee = 3.78 Ib. of lime per lb. 
coal as fired 


Divide pounds of 
stone a comeponed 
per 100 mols o 5 Ai 
flue Liat by athe BY wo 
pounds of coal per 

100 mols of flue 1190 


Bes. 100 


= 6.74 Ib. of stone 
per lb. coal as fired 
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Obtain stone ratio by dividing 
pounds of lime by pounds of stone. 


3.78 = 0.561 lb. of lime per Ib. 


of stone 

In addition to the material-balance results as calculated above, 
the excess air used and the cubic feet of flue gas per lb. of coal 
may be determined largely from the previously calculated data. 
4. Excess air: 


Basis: 100 mols dry flue gas 
O, required per 100 mols producer gas = 21.65 mols. 


21.65 | x 100. = 8.01 mols O, per 100 
mols flue gas 


Excess QO, in flue gas = 5.60 — 14(0.3) = 5.45 mols 
Ex inh eres Excess O2 X 100 _ 5.45 X 100 
stose ai et ee Necessary O2 8.01 


= 68.1 per cent excess air 


5. Flue gas per lb. of coal: 


Basis: 100 mols dry flue gas. 
From item 3, above, 176.6 lb. of coal (as fired) per 100 mols flue gas, then 


Satie es Ee = 0.566 mol dry flue gas per lb. coal 


Converting the dry 
gas to cubic feet at 
60°F. and 30 in. 
pressure, saturated. 


= 218.1 cu. ft. flue 
gas at 60°F., 30 in. 
Hg, saturated per 
Ib. coal 

If the temperature of the flue gas is 580°F. the volume of the wet (actual) 
flue gas at this temperature is caleulated (a) by determining the moisture 
in the coal and from the hydrogen in the producer gas (for the sake of 
simplicity neglecting the moisture passing through the producer undecom- 
posed); (b) adding to dry gas to get total flue gas; and then (c) converting 
to the cubic feet at 580°F, per ton of lime. 
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(a) Moisture in flue gas: 
From Hz, in producer gas: 


19.5 | x ae = 7.22 mols H: per 100 mols flue gas 
or 7.22 mols water per 100 mols flue 
gas 


From moisture in coal: 


x 100 = 0.17 mols water per 
100 mols flue gas 


Total moisture: 7.22 + 0.17 = 7.39 mols per 100 mols flue gas 
(b) Total flue gas: 


(c) From mols wet gas per lb. of coal calculate cubic feet of wet flue gas 
at 580°F. per ton of lime. 


= 243,000 cu. ft. wet 
flue gas at 580°F. and 
30 in. Hg. pressure 
per ton of lime 

This type of problem also may be solved by an algebraic 
method. Using a basis of 100 mols of flue gas, there are three 
unknowns, the quantities of producer gas, air, and stone. These 
may be represented by the symbols P, A, and S respectively 
and three equations set up and solved. The method is as follows: 

Basis 100 mols flue gas. 
P = mols producer gas, A = mols air, S = pounds of stone. 
Carbon balance: 


244 FUELS AND THEIR COMBUSTION 


oe @ 
“S" ¥ 
Carbon in stone = S X 0.975 Xa == a 00975S 
Carbon ini producer cas: (Lemme eee er 0.30P 
Carbonrin air pe: ee oes ee a eee ee ere 0 
Carbonsnwtiueirass(3) sere eee te seme, aia 
0.00975S + 0.30P = 22.7 (a) 


N>» balance: 


(0) 
O» balance 
OzinstoneS = 0.009758 
0. ws. 
O2 in 1 mol producer gas = 0.079 + 0.010 + —5— = 0.181 


0.12 
O, for Hz per mol of producer gas equals — + 0.037 = 0.0975 


which must be subtracted since it does not appear in flue gas. 


O, = P(0.181 — 0.0975) = 0.0835P 
Qe AN BAT > aed ac cos reas ee a eee a eee ee 0.214 
(Oys that, VORP. a in Song seg oe 22.4 45.6 + 2° = 28.15 
0.00975S + 0.214 + 0.08385P = 28.15 (c) 


These three equations, (a), (b) and (c), may be solved readily to give the 
following results: 
A = 64.1 mols of air per 100 mols flue gas. 
P = 37.1 mols of producer gas per 100 mols flue gas, or 
100 
371 7 2.70 mols flue gas per mol producer gas. 


S 


1190 lb. of stone per 100 mols of flue gas. 


The required ratios may be determined from these values as 
in the previous method. For those persons familiar with the 
algebraic methods, this type of solution is much simpler and more 
easily visualized than the solution based on the nitrogen and 
theoretical air previously given. 
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The results of the above calculations on the lime-burning 
plant test are summarized as follows: 
1. Fuel ratio: 3.78 lb. of lime produced per lb. of coal as fired. 
2. Stone-coal ratio: 6.74 lb. of stone per lb. of coal as fired. 
3. Lime-stone ratio: 0.56 lb. of lime produced per lb. of stone. 
4. Producer gas-coal ratio: 80.6 cu. ft. of gas (60°F., 30 in. 
Hg, saturated) made per Ib. of coal, as fired. 

5. Excess air used for burning: 68.1 per cent. 

6. Volume of flue gas per ton lime: 243,000 cu. ft. at 580°F., 
30 in. mercury. 

From the above ratios, several others may be calculated 
directly. In addition, various factors in the producer operation 
may be determined, as shown under the previous example on 
producer calculations. This last example shows the large num- 
ber of results which may be obtained by analysis without direct 
measurement of any quantities. The ratio of lime to coal is an 
important one, and can be determined readily by the above 
method, where measurement of the quantities involved might be 
difficult. 

The solution of most combustion problems and the calculation 
of results from tests are based on the methods outlined above. 
The carbon balance is used to determine flue-gas-fuel ratios, and 
the nitrogen balance is used to determine flue-gas-air ratios. 
When these ratios are known, the remaining calculations are 
simply further balances of materials, elements, or energy, to 
obtain the results desired. In the producer-gas problem, for 
example, the amount of steam decomposed was calculated by 
hydrogen and oxygen balances. In lime-kiln tests, the ratio of 
stone to lime was determined by a calcium balance. The 
material or element selected as a basis for comparing quantities 
may vary in different problems, but the method of calculation out- 
lined is applicable to all cases. 

Graphical Methods in Combustion Calculations.—It is pos- 
sible in many cases, with the aid of charts, to determine quickly, 
and with a fair degree of accuracy, the per cent of excess air and 
the stack loss from a knowledge of the stack gas analysis and the 
stack temperature. Several charts for this purpose and the 
limitations restricting their use are given below. 

Excess-air and Stack-loss Charts for Typical Fuels.—Since excess 
air is defined as the air present in excess of that required for com- 
bustion, the value may be determined from the flue-gas analysis 
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for all cases where there is little or no nitrogen in the fuel. In 
such cases, the excess air may be written as 
: O2 — 144CO 
Per cent excess air = NpdG2i46\= (0; aC) 
where [02 — 14CO] represents the oxygen in excess of that 
required for combustion. The term [N2 X 2!79] represents the 


x 100, 


200 + 7 if opener 
| Se 


180 


nm 
i) 


Ss 
By 


Oxygen, per cent 


oo 
.o) 


Excess Atr, per cent 


= 
(es) 


Q 2 4 @ 8 10 
- Per Cent 02 - Per Cent CO 


Fia@. 51.—Chart for graphical determination of excess air from flue-gas analysis. 


total Oz in the air used, and [Nz X 2149 — (O2 — 14CO)] repre- 
sents the O2 necessary for combustion. 

In Fig. 51 the per cent excess air is plotted as ordinates with 
(O2 — 19CO) as abscissae. The nitrogen in the flue gas affects the 
value of the denominator in the above equation, so that a series 
of curves for varying percentages of nitrogen result. By draw- 
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ing a series of straight lines on the same plot, with per cent O, 
as ordinates, it is possible to determine the value of (O2 — 16CO) 
without actual subtraction. The method of using this chart is 
to start with the per cent O, on the right, pass horizontally to the 
proper CO line, and then vertically down to the per cent Ne, and 
horizontally to the per cent excess air. Thus, if the analysis of 


Stack Loss as Sensible Heat, per cent 


co 
€0+C0, 


Ve) 


0 20 40 6 80 100 I20 140 


Excess Air, percent 


Fig. 52.—Chart for graphical determination of per cent excess air and per cent 
stack loss in a coke-fired furnace. 


a flue gas were COs, 13 per cent; Oz, 5.7 per cent; CO, 0.6 per 
cent; No, 80.7 the excess air would be found, by following the 
dotted line, to be 34 per cent. This value read directly from the 
chart checks with the value of 33.5 per cent excess air calculated 
on page 222, 
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Stack Loss for Coals 
Coal Vol. F.C. Ash C Hp 0, Cinetf, Btu/fh. 
1- 1018 8347 ©35 86.86 349 1.88 26.6 14593 ———— 
2-34.82 54.68 10.50 75.94 5.07 5.85 17.5 13,606 


CO, | per cent 


Stack Loss as Sensible Heat in Wet Flue Gases 


0 10 20 30 40 50.60 70 80 90 100 Il0 120 [30 140 [5 
Excess Air, per cent 


Fie. 53.—Chart for graphical determination of per cent excess air and per 
cent stack loss in a furnace fired with a high-volatile or low-volatile bituminous 
coal. 
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This chart covers all cases where the nitrogen in the fuel is 
negligible, which is true for most cases except when producer or 
blast-furnace gas is used. If the hydrogen-carbon ratio in the 
fuel is known, it is possible to develop a simpler chart in which the 
excess air may be determined from the CO, content of the gas 
alone, provided no CO is present. In such a case, the Ny and 
the O» are direct functions of the COz2, so that the CO. shows the 
excess air directly. In Figs. 52, 53, 54, 55, and 56 the excess-air 


Stack Loss sj Sees 


for Fuel Oi] 
Analysis 


22 Bt. perl 20950 


Stack Loss as Sensible Heat, per cent 


Per Cent Loss due to Water from Hp = 6.3 


Per Cent Loss due to CO=397 aacq, 


0 20 40 60 80 100 120 140 


Excess Air, percent 


Fie. 54.—Chart for graphical determination of per cent excess air and per cent 
stack loss in a furnace fired with fuel oil. 


and stack losses as functions of the CO, in the gas and its tem- 
perature are plotted for typical solid, liquid, and gaseous fuels. 
These figures are read by taking the percentage of COs in the flue 
gases, reading across (from right to left) to the excess-air line, 
then reading up or down to the stack temperature, and then 
across (to the left) to determine the per cent heat loss as sensible 
heat in the stack gases. Thus, for a coke-fired furnace, if the flue 
gases. contained 11.8 per cent CO: and the stack temperature 
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were 500°F., by following the dotted line, the excess air is found 
to be 77 per cent, and the sensible heat in the stack gases to be 
17 per cent of the heat in the coke. 

It is interesting to compare results obtained from the charts 
with the calculated values obtained in the illustrative problems 


is Stack Loss for Producer Gas debe Lal ee 
Analysis pee 

46 5. TT 

44 


42 


Stack Loss as Sensible Heat, per cent 


8 =| r 
@ + Per Cent Loss due to Water fromH,= 64 


3 
(To beadded to above values to 
4 fig obtain total stack loss) eS ioe 
| 
0 


2 Per CentLoss due to CO= 10.5 aq 3.00; CO; 
O20 AOC OCD 100 (20 ~»=©J40 


Excess Air, per cent 


Fra. 55.—Chart for graphical determination of per cent excess air and per cent 
stack loss in a furnace fired with producer gas. 


previously given. For example, in the first problem on boiler- 
furnace calculations (p. 216) the stack gas contained 13.0 per 
cent COs, 0.6 per cent CO, and was at a temperature of 700°F. 
Reading across to the left from 13.0 per cent CO, in Fig. 53 
(with the dotted line), the excess air is found to be 41.5 per cent 
(as against 33.5 per cent calculated), the total sensible heat in the 
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wet stack gases* at 700°F. is found to be 18.1 per cent, the loss 
due to heat of condensation of water (from legend on Fig. 53) 


44 
4 
40 
38 
36 
34 


32 
30 


m 


23 
26 


22 


4 Per Cent Loss due to Water from Ho 
2 Per Cent Logs due to C0 =24.2 ee = 


20 40 


0 


0 


Bru. percuft. 536 
60 
24 KH0sat} 4 


Stack eee Lal 
for Coke OvenGas 
Analysis 


CO, 14 


0 0.5 
C0 a on 


H. S74 
C,H, 2.9 
CHy 28.5 


F.30"Hg, 


ni 


C0+CO2 
100 120 14 


Excess Air, per cent 


Fia. 56.—Chart for graphical determination of per cent excess air and per cent 
stack loss in a furnace fired with coke-oven gas. f 


* That is, including the sensible heat in the water vapor from the com- 
bined water in the coal, but not including moisture in the coal, since the chart 


is drawn up from calculations on a dry coal. 


+ The method for calculating the loss due to unburned CO as given in 
the legend of Figs. 52, 53, 54, 55, 56 is based on the following calculation: 


CO 


Co + CO, 


) x (mols Carbon per lb. Coal) 122,400 


B.t.u. per lb. Coal 


= Per cent Heat Loss 


in Unburned CO. 
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is found to be 3.5 per cent, and the loss due to unburned CO (sub- 
stituting in the formula given in the legend) is found to be 
0.6 
BES anew 
fore, is 18.1 + 3.5 + 2.4 = 24.0 per cent (as against 22.7 per 
cent calculated). This discrepancy between the values read from 
the chart and the calculated values is due to the fact that the 
excess-air line in Fig. 53 is drawn up on the assumption that 
combustion is complete (7.e., there is no CO in the gas). The 
figures obtained for stack loss as sensible heat in the wet flue 
gases and for the loss due to heat of condensation of the water 
vapor would be quite accurate if the gas contained 13 per cent 
CO. and no CO. Even the presence of as little as 0.6 per cent CO 
throws off the excess-air curve, and, therefore, for cases where 
CO is present in the gas it is necessary first to determine the 
excess air from Fig. 51. By using Fig. 51, which gives the per 
cent excess air accurately, and then using on Fig. 53 the value 
for excess air thus determined, it is possible to obtain much more 
accurate values. This may be illustrated for the same stack gas 
by repeating the graphical determination of stack loss, using the 
value of 34 per cent excess air previously read from Fig. 51. 
Reading up from 34 per cent excess air in Fig. 53 (with the dot- 
ted line) the stack loss as sensible heat in the wet flue gases is 
found to be 17.2 per cent and the total stack loss, therefore, is 
17.2 + 3.5 + 2.4 = 23.1 per cent as against 22.7 per cent cal- 
culated. Then, assuming 5 per cent as radiation and unac- 
counted-for losses, and taking the calculated value* of 4.2 per 
cent (p. 218) for the cinder loss, the total losses are 23.1 + 
5 + 4.2 = 32.3 per cent. The efficiency is 100 per cent minus 
the losses, or 100 — 32.3 = 67.7 per cent as against the caleu- 
lated value of 69.8 per cent. The comparison of the calculated 
and graphically determined values for the first problem shown 
in the following table. 


= 2.4 per cent. The total stack loss, there- 


spat cheat Pounds of Ash Pounds of Combustible 
ae ™ ~~ Pounds of Coal Pounds of Cinder 
14,544 28.5 14,544 


tutor Coal x 100, or, for this example, _= 0.097 X 715 x 


GETTY cs 
13,400 
100 = 4.2 per cent. 
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TABLE LVII 


CoMPARISON OF CALCULATED AND GRAPHICALLY DrrerMINED RESULTS OF 
BoiLer Test 


(In per cent of heat in coal.) 


Item Caleclated Graphical values 
values 

Sensible heat + heat of condensation of 

water in wet stack gases.............. 20.3 20h 
Undeveloped heat in CO................ 2.4 24. 
Radiation and unaccounted for.......... one 5.0 (assumed) 
Heat lost in cinder (same calculation for 

DOT eeaeeer nite mee Be egt es, ee a ah 4.2 

iota WIGsseGaerm wan sete mieaersiateid obo Sas oa 30.2 3250 

IBRERA CSC Goyer Br Wer aa Mr ote ee 69.8 67.7 


A similar comparison between calculated and graphically 
determined results, for the second boiler-furnace problem (p. 223), 
is given in the following table. 


TABLE LVIII 


COMPARISON BETWEEN CALCULATED AND GRAPHICALLY DETERMINED 
Resuuts or Borer Test 


Data: 
GOMIMpsISCKIPABES : atAeMiadteAstinsnuacres wists stea 2 11.0 per cent 
Wempera ture ol suack PaRG8 eso ee h\.0s0e)o pore ated pelea ts 660°F. 
(ShrayelentalReriee Oo a cr ay 8 ci OCR REE ROR RE Re EREERE P cer irs 2.5 per cent 
LED CER E Mina Giro yrcay Ey Tega on I) en eee ear coe cae 60.5 per cent 
Calculated, Bren 
Item determined, 
per cent 
per cent 
‘Sensible heat in wet stack gases.............. 16.4 iO 
Heat loss due to heat of condensation of H,O 
VAN SOIPSE SES Sco. NG oe Re ce ee an rena ee 4.0 Bi 
Radiation + unaccounted-for losses (assumed) '5)..(0) 5.0 
leat Os teinicinG Gr weenie mens. crersa. sims (fieleueen 2.5 PA G5) 
Sau aill OSSOSt Mees tesa s geek dum aan a cusyeueerys separ 27.9 28.0 
TEREROWCOIER. cn Sid ons Ag Reo Aree ea one (AM 72.0 
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The agreement between the efficiency values calculated from 
complete test data and those obtained by the shorter graphical 
method clearly shows the value of such charts as Figs. 52 to 56 
for quick, fairly accurate plant tests. They are particularly 
valuable for rough approximations where the only data available 
are the percentage of CO, from a recorder and the stack tem- 
perature. These charts are subject to quite high errors: (1) 
where the carbon-hydrogen ratio of the fuel is markedly different 
from those used in preparing the charts, (2) where either or both 
the CO and cinder losses are large, and (3) where the moisture 
content of the fuel is high. The charts offer, however, a con- 
venient and rapid method for the approximation of efficiencies 
from readily available plant data. 

Methods for Approximating Heating Value and Analysis of 
Fuels.—In testing work it is often necessary to know the heating 
values or ultimate analyses of fuels when the apparatus required 
for such determinations is not available. A number of empir- 
ical methods have been evolved for this purpose, and, though 
often inaccurate, it may be necessary to use them when actual 
data are missing. 

Dulong’s formula gives the most satisfactory method for 
calculating the heating value of solid fuels. The formula is: 


B.t.u. per Ib. = 14,5440 + 61,500(H — “) + 4500S 


where C = the fraction of carbon in the coal; H is the fraction of 
hydrogen; O is the fraction of oxygen; and S is the fraction of 
sulfur. The probable error using this formula is about 2 per 
cent except in the case of cannel coals and coals of high oxygen 
content, such as lignites and midwest bituminous coals, in which 
the error may run higher. With oil fuels the per cent error may 
be as much as 8 per cent. This method, in addition to the error 
introduced, has the disadvantage of requiring the lengthy ulti- 
mate analysis. 

Figure 57, adapted from Kent,* has been utilized to determine 
(approximately) the heating value of coals from a knowledge of 
the proximate analysis. The figure shows the relationship 
between the volatile matter as the per cent of the total combus- 
tible, and the B.t.u. per lb. of combustible. Thus, if a coal has 
30.0 per cent volatile, 60 per cent fixed carbon, and 10 per cent 


: : 30 
ash, the volatile matter is 30 + 60° 33.3 per cent of the com- 
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bustible and the B.t.u. per Ib. of combustible is 15,300. The 
heating value of the coal is, then, 15,300 X 0.9, or 13,770 B.t.u. 
per lb. 
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Cow wach. eAcO eos. wie 
Volatile Matter of Combustible, per cent 


Fia. 57.—Relation between heating value and percentage of volatile matter in 
the combustible of coal. (Adapted from William Kent: ‘‘Steam Boiler Economy,"’ 
p. 59 (1915). John Wiley and Sons.) 


The heating value of fuel oils may be determined approximately 
by means® of the equation: 
B.t.u. per lb. = 18,650 + 40 (degrees Baumé — 10). 


Values obtained with this formula have been plotted as a func- 
tion of the degrees Baumé in Fig. 33, Chap. VI. 

The heating value of a gaseous fuel may be determined from 
the analysis by adding together the products of the percentage 
and heating value of each constituent. The method is outlined 
in Table LIX. 
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TABLE LIX 
CaLcuLATIONS oF Hpeatinc VALUE or GAS 
Heating value 
i Heati alue er cent) 
Constituent Per cent ene centage wae ND 
per cu. ft., 100 
60°F., 30in., sat. 
COs saat EO) 0.0 0.0 
Oa 0.4 0.0 0.0 
C2Ha. 26 1613.0 41.9 
COM er eee. 2 5.4 Shl7 sal Tian 
Tals ae 55.4 318.8 176.6 
CH oa 29.5 995.0 293.0 
No. a 0.0 0.0 
hotaltenmyeries: 100.0 529.1 B.t.u. (high) 


per cu. it., 60°F, 30 m. Hg; 
saturated with H.O 


The net heating value may be calculated in the same manner 
using the values for the lower heats of combustion given in Table 
Lil. The heating value at 32° and 29.22 in. Hg may be ecaleu- 
lated from the above value by correcting for temperature and 
moisture as follows: 


829.1 [ ¢ 620, 
492 


or 529.1 X 1.073 = 567.6 B.t.u. per cu. ft. at 32°F., 29.92 in. Hg. 

As stated earlier, it is often necessary to know the carbon con- 
tent and the ultimate analysis of a coal, when only the proximate 
analysis and the heating value are available. Although the 
actual ultimate analysis is essential for accurate work, it is pos- 
sible to estimate the ultimate from the proximate analysis by 
means of a series of equations derived by Calderwood.? These 
equations, which were derived from the consideration of a large 
number of Bureau of Mines coal analyses, are purely empirical, 
but often offer the only available method for estimating the 
carbon content of a coal. The five equations are: 
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C = 0.00512(B.t.u. — 40.58) + 0.0053(80 — 100.V.M ees 


FC 
+ 5.88 (1) 
a:8 [D — 0.7/1 — 0.05(D — 9.5)2]1:78 
ides 13.93 : 
where D < 14 (2a) 
= Sap [D + 0.7/1 — 0.05(D — 18.5)?]*-78 
9 13.93 ; 
where D > 14 (2b) 
He 102) — S — Oy + L018 — 1.65 (3) 
Vi) iG Ss — 0.8 (4) 


where C, O, H, and N are the estimated content of carbon, oxy- 
gen, hydrogen, and nitrogen in the coal, expressed as per cent of 
the coal on the basis* (‘‘air dried”’ or ‘‘as received’’) on which 
the proximate analysis was reported; B.t.u. equals the heating 
value of the coal in B.t.u. per lb. on the same basis. 
S = sulfur as reported with the proximate analysis, 
per cent of coal* “as received.” 
VM = volatile matter as reported, per cent of coal* “as 
received.” 
FC = fixed carbon as reported, per cent of coal* ‘as 
received.” 
M = moisture as reported, per cent of coal* ‘as received.” 
D=FC+ VM —C. 
The four quantities thus determined (C, H, O, and N) plus the 
S and ash from the proximate analysis, should total 100 per 
cent. If they do not, the values can be adjusted to meet this 
requirement by using the following formulas, in which allowance 
is made for the probable error in each: 


Coorrectead = OC + 0.15) 
Ocorrectea = O(1 + 0.40d) 
HT eriaesca = (1 +.0.21d) 
Neorrectea = N(1 + 0.24d) 


* The formulas were derived for coal on the air-dried basis, but analyses 
of the air-dried coal often are not available, and good results (except with high 
moisture coals) can be obtained by using the proximate values on the “as 
received”’ basis, in which case the ultimate analysis is on the ‘“‘as received” 


basis. 
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where d = 100 —- (C+ 0+H+N+S8S4 Ash) and may be 
either positive or negative. / 
The application of these formulas and the results obtained with 
them are illustrated by the following calcuiation: 
PROXIMATE ANALYSIS, 


Per Cent 
(U. S. Bureau of Mines’) 


DaTA (“As received” basis) 
Moistiwes at chs Pee GE iat on one Mane es 2.86 
Volatile;matterc cic ee er ec neers 33.83 
Hixedcarborige tac nee ee ey tie eee 53. Lt 
UA RR RE IRC Ne Oe See A inte eens 10.20 

100.00 
LER ae ere rae Sc te cc ACI oe a eae ie Be 
Heating values era eres were aoe ae 13,217 B.t.u. per lb. 


Then, substituting in Eqs. (1), (2), (3), and (4) above, the fol- 
lowing values may be calculated: 
C = 0.0052(13,217 — 40.5 X 1.12) + 0.0053(80 — 


eae + 5.88 = 67.38 + 0.40 + 5.88 = 


53.11 
73.66 per cent carbon (‘‘as received’’ basis) 
D=FC+ VM —C = 58.11 + 33.83 — 73.66 = 13.28 
Since D is less than 14, Eq. (2a) is used: 
8 [13.28 — 0.7+/1 — 0.05(13.28 — 9.5)2]178 


Oeeig Ao S05t 13.93 


2.54 + 6.83 = 9.36 per cent oxygen (‘‘as received’’ basis) 


H = 1,02(13.28 — 1.12 — 9.36) + 1.018(2.86) — 1.65 
= 2.86 + 2.91 — 1.65 = 4.12 per cent hydrogen (‘‘as re- 
ceived”’ basis) 
N = 13.28 + 2.86 — 1.12 — 9.36 — 4.12 


= 1.54 per cent nitrogen (‘‘as received”’ basis) 

Since the sum of C+ 0+ H +N-+S-+ Ash = 100 per cent, 
no correction is necessary. 

These calculated values are compared in Table LX with the 
values obtained by actual analysis of this same coal made by the 
Bureau of Mines: 

It will be observed that the calculated value for per cent of 
carbon in the coal is very close to the value actually determined 
by analysis. Since carbon content is the most important item 
from the standpoint of combustion calculations, and since the 
carbon-hydrogen ratio may be determined from the gas analysis, 
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TABLE LX 


CoMPARISON OF CALCULATED AND OpseRVED ULTimatr ANALYSES 
(‘‘As received” basis) 


Observed Calculated 


Constituent value, value, 

per cent per cent 

(Garo nemee er et mien i a teach 20h oh ea «2 Won 73.66 
Hydrogen ewe ee ees got... Sse matey, ON, 5.25 4.12 
IN‘inO g Cnet tyne reir eter Shee ee 1.45 1.54 
Oe af RSet b -vdih crete ht ) Ae ae ee 8.21 9.36 
Sulfur ine by analysis in both { Pal 1 12 
Ash cases 10.20 10.20 
SUG EL Si Seo te heck ae RA ie Ea 100.00 100.00 


the somewhat larger errors in the calculated percentages of hydro- 
gen and oxygen are not serious. Although complete and accurate 
analyses are essential for very accurate testing work, the above 
formulas may prove of great value where complete data are not 
available. The calculated per cent of carbon, for example, will 
be fairly accurate, even if the sulfur content was not reported 
in the ultimate analysis, and an assumption of the per cent 
sulfur is used. 
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CHAPTER XI 


PROPERTIES AND COMBUSTION OF GASEOUS 
FUELS 


The ideal conditions for combustion are realized when fuel, 
mixed with the theoretical amount of air for complete combus- 
tion, burns under conditions that may be controlled readily. 
Under one set of conditions, for example, it may be advisable to 
have this combustion take place quickly and have the heat 
liberated given up to a cooler object in a short space of time. In 
another case, however, for the sake of uniformity of temperature, 
it may be desirable to have combustion take place slowly. The 
properties, the methods of combustion of gaseous fuel, and the 
ways in which gaseous fuels may be adapted to fulfil these 
varying requirements are ‘pointed out in the subsequent 
discussion. 

Advantages of Gaseous Fuels.—The chief advantages of gase- 
ous fuels are as follows: (1) Coal, the basic fuel of industry, may 
be gasified at one point and clean gas distributed economically 
to furnaces, heaters, ete. which are scattered over a wide area. 
This is much more desirable than conveying coal to and removing 
cinders from each furnace. (2) The combustion of gaseous fuels 
permits ready control as to (a) changes in demand, (b) variations 
in temperature, (c) the oxidizing or reducing nature of the desired 
atmosphere, and (d) the length of the flame. (3) When high 
temperatures are required, the use of gaseous fuels usually permits 
greater thermal efficiency, since the amount of heat wasted out 
the stack may be greatly lowered by regeneration or recupera- 
tion (see p. 293). (4) With gaseous fuels, smoke and ash, which 
may harm the material being heated, are eliminated. (5) 
Many low-grade fuels that are difficult to burn directly with 
economy, such as coal of very high ash content, peat, lignite, etc., 
often can be more effectively utilized after gasification. (6) 
Gasification, under certain conditions, renders possible the 
recovery of by-products, such as ammonia, benzol, and toluol 
(light oil), which are lost in the direct combustion of solid fuel. 
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FUNDAMENTAL FACTORS IN THE COMBUSTION OF GASEOUS 
FUELS 


In burning a gas with air, it is first necessary to have a mix- 
ture that will ignite, and then to raise this mixture to the tempera- 
ture of ignition. In order to carry out this procedure with 
efficiency and safety, it is necessary to know the speed with which 
such a mixture burns. From the standpoint of quality and effi- 
ciency, it is also highly important to have a knowledge of the 
amount of heat radiated directly from the flame, the tempera- 
ture of the flame, the amount of air required, and the effect of 
various factors, such as contact with surfaces, on the speed with 
which the gaseous combustion will take place. These points 
are discussed individually in the subsequent paragraphs. A brief 
descriptive treatment of regeneration and recuperation has also 
been included on account of the indispensability of these methods 
of heat recovery in many important industrial operations. 

Ignition Temperatures.—If a combustible gas-air mixture 
is heated gradually, the velocity of combustion at first increases 
regularly but fairly slowly as the temperature is raised. Finally, 
however, the ignition temperature is reached, chemical combina- 
tion is not dependent on heat from external sources, and practi- 
cally instantaneous combustion occurs. The ignition temperature 
is the lowest temperature at which this rapid combustion will 
take place, and may be defined as the temperature at which heat 
is generated by combustion faster than heat is lost to the surround- 
ings, and combustion thus becomes autogenous or self-propel- 
lent. Below this temperature the gas-air mixture will not burn 
freely and continuously unless heat is supplied. The actual 
ignition temperature of a gas is, therefore, seen to depend on 
surrounding conditions, but the term as ordinarily applied is used 
to signify the temperature at which rapid combustion occurs in 
ordinary air. 

Two general methods of ignition-temperature measurement 
have been used to prevent errors due to “pre-ignition” or slow 
combustion previous to actual ignition: (1) by exploding the 
gaseous mixtures by adiabatic compression, and (2) by preheat- 
ing independently each stream of gas and air before mixing, 
gradually increasing the temperature of each stream until self- 
propellent combustion takes place on mixing. In each of these 
methods the time possible for the preliminary interaction after 
mixing is negligible. 
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The method used by Tausz and Schulte! for determining the 
ignition temperatures of liquids and solids consisted in intro- 
ducing drops of the liquid or the finely pulverized solid into a 
cup through which was passed a controlled amount of preheated 
air or oxygen. The temperature of the cup was raised well above 
the ignition point by external heating, and was then allowed to 
fall gradually until a temperature (the ignition point) was reached 
below which ignition was no longer possible. It was found that 
ignition points determined in this way could be more closely 
duplicated than by gradually raising the temperature and noting 
where ignition first took place. 

The gaseous ignition temperatures observed by Dixon and 
Coward,? who used the method of separately preheating streams 
of gas and air mentioned above, and the ignition temperatures 
of various liquids and solids determined by Tausz and Schulte? 
are given* in Table LXI. 

The ignition temperature of a substance under a given set of 
conditions is quite definite, and the range indicated for the 
gaseous substances in the above table is due to the impossibility 
of obtaining thorough mixing in all the experiments carried out by 
Dixon and Coward. Dixon and Coward’s values give a good 
idea, however, of the temperatures required for the ignition of 
the common gases. The ignition temperatures are, in general, 
lower in oxygen than in air, though the values for hydrogen and 
carbon monoxide are not apparently affected. The ignition tem- 
perature of hydrocarbons of the paraffin series is lowered with 
increasing molecular weight. 

The ignition point of most substances is lowered with increasing 
pressures. ‘This is of great importance in gas engines, in which 
the explosive mixture is compressed before ignition. This com- 
pression increases the temperature of the gas and it is, therefore, 
necessary to choose a fuel which will withstand this compression 
without preignition. Increasing pressure also lowers the ignition 
point of the paraffin hydrocarbons, mineral oils, etc., although 
this decrease is not much over 180°F. or 100°C. at pressures 
below 150 lb. per sq. in. At higher pressures the decrease 
becomes more marked, and in the case of a petroleum,! for exam- 
ple, increasing the pressure from about 40 to about 385 Ib. per 
Sq. in. gage pressure lowered the ignition temperature from 

* The ignition temperatures of several types of coal are given in Chap. IV, 


p. 76. 
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TABLE LXI 


IGNITION TEMPERATURES (AT ATMOSPHERIC PRESSURE) OF Gasss, Liquips, 
AND SOLIDS 


Ignition temperature in | Ignition temperature in 
air oxygen 
Substance 
Degrees Degrees Degrees Degrees 
Fahrenheit | Centigrade | Fahrenheit | Centigrade 

Hydrogen (H2)....... 1076-1094 | 580-590 | 1076-1094 | 580-590 
Carbon monoxide (CO)| 1191-1216 644-658 1179-1216 637-658 
Methane (CH,)...... 1202-1382 | 650-750 | 1033-1292 | 556-700 
Ethane (C2H¢6)........ 968-1166 | 520-630 968-1166 | 520-630 
Pro paner(\sbla)\eewxll|— ween eee S| eee 914-1058 | 490-570 
Ethylene (C.H4)......] 1008-1018 | 542-547 932— 966 | 500-519 
Acetylene (CzH»)..... 763— 824 | 406-440 781— 824 | 416-440 
Hexane* (CeHis)...... 909 487 514 268 
Decane (CioH)...... 865 463 396 202 
Benzol (CeHe)........ 1364 740 1224 662 
Woluolam le aadee oe. 1490 810 1026 552 
phenol aa ee aes 2k: 1319 715 1065 574 
Neal hove: SRN 5 ea ee 1418 770 986 530 
Mist liyralcohol sere | eer eae in.| ie porto ox 1031 555 
Ethyl alcohol......... 1036 558 797 425 
Propyl alcohol........ 941 505 833 445 
Isopropyl! alcohol...... 1094 590 954 512 
n-Butyl alcohol....... 842 450 725 385 
Amy] alcohol......... 768 409 734 390 
Wyhyinethere eis. ae back 649 343 352 178 
GIy Genin emer re eri 932 500 777 414 
ACETONE eee nt 1292 700 1054 568 
Supar seen cattens cain. s 725 385 TW 378 
Golimceniolla ase er 783 417 608 320 
Pennsylvania crude... . 601 367 468 242 
Gasvollt cps sees soGler = 337 336 518 270 
IKGrOSENG secre oie = Oke 563 295 518 270 
Acetaldehyde......... 365 185 284 140 
Benzaldehyde......... 356 180 334 168 


* Ignition temperatures for hexane and for other substances in the remainder of table are 
for dry air and dry oxygen. 
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788°F. (420°C.) to 392°F. (200°C.). The amount of moisture 
in the air or oxygen used for ignition also exerts a small effect, 
usually not more than 90°F. (45°C.), the tendency of the mois- 
ture, in general, being to increase the ignition temperature. 

Limits of Inflammability—The explosive limits or limits of 
inflammability may be defined as the limiting composition of a 
combustible gas and air mixture beyond which the mixture will 
not ignite and continue to burn. In other words, a gas-air mix- 
ture of a composition outside these limits cannot generate heat at 
a sufficient rate to make the combustion self-propellent under 
the conditions of the experiment. The lower limit of inflamma- 
bility represents the smallest proportion of the gas which, when 
mixed with air, will burn without the continuous application of 
heat from an external source. Above the upper limit the large 
amount of combustible gas present acts as a diluent and again 
combustion cannot become self-propellent. 

In the ordinary combustion of a gas, the temperature of the 
whole gas-air mixture is usually not up to the ignition point. 
Inflammation is started at a single point by some external source 
of heat, and the heat developed by combustion serves to raise the 
rest of the mixture up to the ignition temperature. For this to 
take place, it is necessary that the proportions of gas and air in 
the mixture be within the limits of inflammability; otherwise no 
combustion will take place. The question of explosive limits may 
also be important in plant work, from the standpoint of recogniz- 
ing that an explosive mixture is being handled. 

The range of the limits of inflammability of the various gases 
in air is given®*5 in Table LXII. 

Mason and Wheeler® have shown that increased pressure 
above atmospheric narrows both the upper and lower limits of 
inflammability of H:; and CO. Thus, at high pressure more CO 
or H, is necessary to form a lower-limit mixture, and more air is 
necessary to form an upper-limit mixture. Similar results were 
obtained with lower-limit methane mixtures, but in upper-limit 
mixtures increasing pressure extended the upper limit of inflam- 
mability. Payman and Wheeler’ have shown that ethane, pro- 
pane, butane, and pentane act like methane. The influence of 
pressure on the upper limits of inflammability of the hydrocarbons 
studied by Payman and Wheeler is shown in Fig. 58. The 
influence of reduction in pressure® on the limits of inflammability 
of CO-air mixtures is shown in Fig. 59. The limits of nflam- 
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TABLE LXII 
Liruits or INFLAMMABILITY OF GASES IN AIR 


(At ordinary temperatures and at atmospheric pressure) 


Limits as per cent by volume in air 


Gas 
Per cent lower- | Per cent upper- 
limit mixture limit mixture 
Eyorogen (Els) hn sts ce foe se eke G22 71.4 
Carbon monoxide (CO)l.. oes. 2 (83 (lee? 
nailer n meet rr oe «ti, © © Seva i 21 
Coke-Ovenl rasan soe sits cles 7 21 
IBTUIG WA LEI PAS 4 socio oleh aa are 12 67 
Biast-turnace pass. 20. suse 82254. 36 65 
INU Hated O0 eb) en ans Aen eaaen FOr 5.8 1323 
Epica (Catia ead ee sv cine ees 33433 10.6 
th yleneCsH ae wey. ek ees Bl 14.1 
Bihylaleohol(C,HsOH)).. ssa. 22: 2% oh 113350 
BEN ZENOM Ctl aici caste ace ect 4: 5.5 
BentamencGrclpa)ls eames heoeie e eeeescey x 8} 4.9 
reer (Cn Elg aC) cee. ct tte eae are: 1.6 feat 


5000 


4000 


Pressure, mm. 


1000 


4 6 so) 10 2 14 IG 


Inflammable Gas, per cent 


Fria. 58.—Influence of increase in pressure on the upper limits of inflammability 
of hydrocarbon-air mixtures. 
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mability are narrowed as the pressure is decreased until finally a 
critical pressure is reached, below which the gas-air mixture will 
not ignite. 


800 


Uitipeves 


mits of Inflammabilit 


600 


P= 
oOo 
Oo 
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200 


0 : 
Q 20 40 60 80 
Carbon Monoxide, per cent 


Fic. 59.—Effect of reduction in pressure on the limits of inflammability of 
carbon monoxide. 


An increase in temperature tends to decrease the lower limit 
of inflammability, as is shown! for the case of CO in the follow- 
ing table: 

TABLE LXIII 
Errect oF TEMPERATURE ON LOWrER Limit oF INFLAMMABILITY OF CO 


Lower Limit, 


TEMPERATURE Per Cent CO 
TOL Le, (A00° CO ae eee iiomaus Tener eee ee 14.2 
OAH (490 CC ive Spcten eee winery cceaa. arene eg 9.3 
LEI 2P ES (GOO 2GE) ane etre totes s ty ges See 7.4 


Rate of Flame Propagation.—The rate of flame propagation, 
or the speed with which a flame will travel through a gas-air mix- 
ture, is of great importance, particularly from the standpoint of 
gas-burner design. For example, in a burner of the Bunsen 
type (in which part of the air for combustion is injected into a 
mixing tube by the momentum of gas flowing through an orifice), 
if the linear velocity of the gas-air mixture flowing through the 
burner ports is not greater than the velocity of flame propagation, 
back-firing will result. 

Flame in a gas-air mixture, depending on the conditions under 
which the mixture is ignited, can take place in three ways: (1) 
with a relatively slow, uniform motion, (2) a somewhat faster, 
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accelerating, vibratory motion, which may develop into (3) a very 
rapid explosion wave, which may be, and often is, accompanied by 
detonation. The so-called vibratory movement, as far as practi- 
cal considerations go, is less important than either the speed of 
uniform movement or the velocity of the explosion wave. 
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Fie. 60.—Speed of uniform movement of methane flames in air. 
different sizes. 


For tubes of 


Slow flame propagation is influenced by the concentration of 
oxygen and combustible gas in the mixture, and by the size and 
shape of the pipe or container in which the flame propagation 
takes place. This is illustrated’ by Fig. 60, which shows the 
effect of varying tube diameter on the flame velocity in mixtures 
of methane and air. It is evident from the curves that the speed 
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of flame propagation is greatly decreased as the size of the tube 
is decreased due, in part at least, to the proportionally greater 
cooling effect exerted by the smaller tubes. Payman and 
Wheeler,’ working with coal gas and air, found that flame prop- 
agation was impossible through tubes smaller than 0.08-in. 
diameter (2mm.), with any mixture of coal gas andair. Similarly, 
with methane, no flame travel was observed in tubes of 0.142- 
in. diameter (3.6 mm.). It is interesting to note that flame 
travel with hydrogen, which has a much higher rate of flame prop- 
agation than either methane or coal gas, was reported by 
Mallard and Le Chatelier! through a tube as small as 0.035-in. 
diameter (0.9 mm.). The recognition of the effect of tube diam- 


a 


—¥ 


Hydrogen’ 
* 


a 


is) 


So 

= 
HS 
| 


fom) 
Ne 
IB 


— aE 


: Ethylene 
ue Carbon Monoxide 
4 
thaned. 


0 S109 Ab) e025: 30 35 40 ES ee SOS ee CO G5 en Om 
Inflammable Gas, per cent 


ine) 


Speed of Uniform Movement in a I-in.Tube, ft. per sec. 


Fic. 61.—Speed of uniform movement of flames of various pure gases in air. 


eter on flame propagation is, obviously, of major importance in 
problems of burner design. 

The maximum flame speed in tubes is usually obtained in 
mixtures containing about 15 per cent more combustible gas 
than is required for complete combustion. With methane, how- 
ever, maximum speed occurs when the methane and the oxygen 
are in their combining proportions. 

Reported values of speed of uniform movement apply only to 
the specific conditions under which the determination was carried 
out. The relative flame speeds of varying mixtures usually 
remain approximately the same even though the absolute values 
vary. 
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As already illustrated by Fig. 60, when the flame speed is 
plotted against the percentage of combustible gas in the gas-air 
mixture (giving a so-called “speed-percentage”’ curve), a bell- 
shaped line is obtained. At the lower limit of inflammability, 
the flame speed is low, gradually increasing, however, to a maxi- 
mum as the proportion of combustible gas in the mixture is 
increased. Beyond the maximum-speed point, the addition of 
combustible gas decreases the flame speed, until finally, at the 
upper limit of inflammability, the same low speed is found as for 
the lower-limit mixture. This is illustrated? by Fig. 61, which 
shows the speeds of uniform movement of flame (in a 1-in. 
diameter tube) observed for various mixtures of air and the simple 
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Fia. 62.—Speed of uniform movement of flames of various gases in air. 


gases He, CO, CHs, C2Hs, and C2Hs. Figure 62 gives’ the 
observed flame speeds for mixtures of equal volumes of CO and 
H, with varying proportions of air, and also shows the flame 
speeds of coal-gas-air and producer-gas-air mixtures. 

The observed flame speeds in the maximum-speed mixtures, as 
well as the composition of the limit mixtures (7.e., the upper and 
the lower limits of inflammability) for these gases, are given 


in Table LXIV. 
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TABLE LXIV 


MaxXIMUM-SPEED AND Limrr Mrxtures or Common Gaszs IN AIR 
(All in 1-in. diameter tube) 


a 


Speed Per cent of gas in 


Per cent 
: (feet per 
of gas in : 
: sec.) in 
Gas maximum- ic 
maximum-| Lower- | Upper- 
speed Se Nae 
5 speed limit limit 
mixture 3 . 5 
mixture | mixture | mixture 
Evaro gen(Ely)pereeemnc error ee 38.5 15.9 6.2 71.4 
Carbon monoxide (CO)........ 50.0 4.1 16.3 Wie2 
Veta men (OE 2) serena nner 9.9 2.2 5.8 1S 
Idan (CABIN) Aka cpaooseha06ee 6.3 2.8 3.3 10.6 
Hithrylenen( Gs) nape ene ers fheal 4.66 3.4 14.1 
CO + Hz (equal volumes)...... 44.0 10.3 Died GAS 
(COs Pas ates tomccn a aera te: 17.0 one has wish 34 
WPVM INE 5 gosh ke pee sabe 51.0 2.4. 24.7 24.0 


The speed of uniform movement of all the limit (upper or lower) 
miztures, simple or complex, is approximately the same, namely 
0.65 ft. per sec. under the conditions specified above. 

The figures and the table both emphasize the much greater 
flame speed of hydrogen, compared with either CO or the hydro- 
carbons, and the data in the table for equal mixtures of CO 
and H» show how the admixture of hydrogen raises the flame 
speed of the mixture. 

The speed of uniform movement or flame propagation in a 
mixture of two or more of the simple gases, CO, He, CH4, CoHe, 
C2H,, with air can be calculated with a fair degree of approxi- 
mation. As Payman and his co-workers have stated,® the 
combustion of complex gaseous mixtures can be regarded as 
involving the simultaneous but independent burning of a number 
of simple mixtures of the individual gases with air, in which the 
proportions of inflammable gas and air are such that each mixture, 
if burning alone, would propagate flame with the same speed 
(under the same conditions of experiment) as does the complex 
mixture. Thus a mixture of CO, He, and air which has a flame 
speed of 2 ft. per sec. may be regarded as consisting of separate 
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mixtures of CO and air, and Hy and air, both mixtures being 
of such composition that, if burned separately, they would give 
a flame speed of 2 ft. per see. Similarly, any complex limit 
mixture has the composition and the characteristics that would 
be obtained by mixing the simple limit mixtures (provided they 
all be of the same limit, 7.e., upper or lower) of the individual 
gases. In the same manner a maximum-speed complex gas-air 
mixture may be considered as consisting of a mixture of maxi- 
mum-speed simple gas-air mixtures of the individual combustible 
gases. These relationships may be used to calculate the com- 
position of the limit mixture for a complex gas-air mixture, to 
determine the speed and composition of the maximum-speed 
mixture, and to estimate graphically the flame speed of mixtures 
other than the maximum speed or limit. Methods for making 
these calculations (as outlined by Payman and Wheeler?) and 
the limitations for the coal gas and producer gas having the 
flame speeds shown in Fig. 62 are given in the following 
paragraphs. 

Suppose, for example, that it is desired to calculate the com- 
position of the limit mixtures (both upper and lower) and of the 
maximum-speed mixture of the coal gas having the observed 
flame speed shown in Fig. 62. This gas had the following 
analysis: j 


Prr Cent 
Gar WOnEMLONO RIC Ce, iw eee epee Chet oases badeaena 9.6 
JR ches acl, at Ris 48 Se cts REL AG Ocoee oe 49.2 
Unsaturateduivdnocarbonso) 1 \. sae cs. eee ees (a0 
IMepiancamee. meen) eee ran hh oo has ss Oh caus cut eevee DOO 
LED AVE AYR e 2 oii heal cit, a ae Re ema ee) Oe 3.0 
LET US eee tte ee enn Re ees ris ae, Shc Soca 3.6 

100.0 


The composition of the various limit mixtures can then be 
calculated by means of the following formula:* 


*An abbreviated derivation of this expression for the limit mixtures 
(adapted from Payman) is as follows: Assume a limit mixture composed 
of a per cent of the simple gas A, b per cent of the simple gas B, and c per cent 
of the simple gas C, the respective limit mixtures of these simple gases being 
La, Ly, and L;. Then the complex limit mixture is composed of: 

gA +bB+ceC + ...4+100-—(@+b+e+.. .) = gas + air. 
From the hypothesis that the complex limit mixture may be regarded as 
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whereL,is the required limit* of inflammability of the gas mixture; 
a, b,c, etc. are the percentages of the simple gases as shown by 
the above analysis (e.g., a, or per cent CO in the above analysis, 
equals 9.6 per cent); and La, Iz, L., etc. are corresponding limit 
percentage of the simple gases, already given in the table on 
page 270. 

The compositions of the various mixtures for the coal gas are 
then calculated as follows: 


1. Lower-limit mixture: 
9.6 + 49.2 + 3.7 + 30.9 + 3.0 
OG AGO ME = a0 s.0 
16.3 = 6.2 cs Sha! 1 5.8 oe one 


= 6.2 per cent coal gas in the lower-limit mixture. 


2. Upper-limit mixture: 
ne 9.6:-- 49.2'-4- 3.7 + 30.9 --, 3.0 
~~ ~9.6 * 49.9 3.7 , 30.9 3.0 
712° 714 141 133" 106 
= 26.2 per cent coal gas in the upper-limit mixture. 


a mixture of simple limit mixtures, it follows that the limit mixture is 
composed of: 


100. — La 100 — Ln 100 — L, 
c(i Hab +E nee MEM. 


Since these terms are expressed as a ages, 


a (- ey oe (A=! my + Sis (“= 


which on simplification becomes: 


a b c 
ta eth ae 


ee 


Now, since a + b +c = Lz, where Lz is the percentage of the complex gas 
in the limit complex mixture, it follows that: 


a+b+c a b c 
La oe a 
or 
a+be 
ACT HT 
Ly 1B); 


A similar process leads to Eq. (2) for the speed of flame in maximum-speed 
mixtures. 

* Where it is desired to determine the composition of the maximum 
speed mixture, the word “maximum”’ should be substituted for “limit” 
in the explanation of the formula. 
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3. Maximum-speed mixture: 
poe 9.6 + 49.2 + 3.7-++ 30.9 + 3.0 
7. OE ae ae ee we 


50.0 T 38.5 T eek rs 9.9 ry 6.3 


= 17.2 per cent coal gas in the maximum-speed mixture. 
These calculated values should be compared with the observed 
values shown in Fig. 62. Thus the observed lower-limit mixture 
was 7.2 per cent coal gas in air as against 6.2 per cent calculated; 
the observed maximum-speed mixture was 17 per cent coal gas 
in air as against 17.2 per cent calculated; the observed upper- 
limit mixture contained 24.3 per cent coal gas in air, as against 
26.2 percent calculated. These values agree fairly closely, partic- 
ularly in the maximum-speed mixture. 

The relative speed of the limit mixtures, as has already been 
stated, is about 0.65 ft. per sec. for all gases. The speed of flame 
movement in maximum-speed mixtures may be calculated as 
follows: The law of speeds (as it applies to maximum-speed 
mixtures) may be restated: ‘‘A maximum-speed complex gas-air 
mixture is composed of a mixture of maximum-speed simple gas- 
air mixtures.”’ The speed in the maximum-speed mixture is 
calculated by the formula: 


J Ge oO Sere Bet i. 

cea tee Tati iero woos is @) 
where S is the speed of the complex gas-air mixture required; 
a, b, c, ete. are the amounts present of each simple maximum- 
speed mixture with air; and S., %, S., etc. are the speeds in 
those mixtures. Values of S., S,, S, are given in the table on 
page 270, or may be read from Fig. 61. Values of a, b, ¢, ete. 
must be calculated. It has been shown that the maximum- 
speed mixture contained 17.2 per cent coal gas and, therefore, 
the proportion of each individual gas in the maximum-speed gas- 
air mixture will be: 


PERCENTAGE 
OF 


CO = 9.6 per cent of 17. 
H, = 49.2 per cent of 17. 
= 3.7 per cent of 17. 


= 1.65 per cent CO 
= 8.41 per cent He 
= 0.64 per cent C.H, 
= 5.31 per cent CH, 
= 0.52 per cent C2He 
= (0.67 per cent N2 


17.20 per cent 


= 30.9 per cent of 17. 
C.H, = 3.0 per cent of 17. 
Oey percent Ol L(. 


NnwNWw WN WS WH 
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Since the maximum-speed mixture may be considered as a pro- 
portional mixture of maximum-speed individual gas-air mix- 
tures, then, 100 volumes of the maximum-speed mixture of CO 
contains 50 volumes of CO (see table on p. 270) and the coal-gas 
mixture will contain 1.65 X 19%, ora = 3.30 volumes of the CO 


maximum-speed mixture. Similarly, b (for Hz) = 5 
= 21.8 volumes of H, maximum-speed mixture. 

¢ (for C2H,) = a = 9.0 volumes of C4sH, maximum- 

speed mixture 

@ (tor CHa) = “a = 53.6 volumes of CH, maximum- 

. speed mixture 

e (for CoH¢) = oe = 8.3 volumes of C.Hs maximum- 


speed mixture 
Then substituting in Eq. (2): 
Ge 3.3 X4.1+21.8 X15.9+9.0 X4.66+53.6 X2.2+8.3 X2.8 
3.8+21.8+9.0+53.6+8.3 
= 5.7 ft. per sec., the speed of the maximum-speed mixture. 
This calculated maximum flame speed of 5.7 ft. per sec. agrees 
fairly well with the observed value of 5.2 ft. per sec. shown in 
Fig. 62. 

In the case of the coal gas just cited, the small amount of nitro- 
gen present had practically no effect on the flame speed. This 
is not so in the limit mixtures of a gas containing a large pro- 
portion of nitrogen, as, for example, in the producer gas having 
the flame speeds shown in Fig. 62. This gas had the following 
analysis: 


Per Cent 
GCOS SAS yaaa Rene Lemos Sh oO, De Se eee ae 5.0 
COP eee tan te Re ites harcore Teta eee ee ae 2133 
Eee OR So ee RT eye, oie rs Be kote Oo I oe 1206 
Cla vvcitase y ce ao eR oth Seine ee eee Srl 
IC EEacRs CRN ER RTE De TOE SN Sere ka ws abe 58.0 

100.0 

or, on a No- and CO>-free basis, 

Per Cent 
CO Beeps AEs cos Ran ase eet <r 57.6 
H, Bratt ewes 4 gyre Bape Smee NGA: eh ais: Nae cate aoe tea Oe a Sc 34.0 
O) 5 FE Tria fo aterm ee Sk heal 8 8.4 
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A gas containing these percentages of CO, H», and CH, (with no 
N2 or COz) has as its maximum-speed mixture the composition 
34.7 per cent of combustible gas (CO + Hy + CH, in the above 
proportions) and 65.3 per cent of air. 

L,= ae a at = 34.7 per cent. 

50 7 385° 9.9 
If nitrogen is added to this mixture to give a gas of the same 
composition as the producer gas (assuming the CO, content to 
have the same effect as the same amount of nitrogen), the result 
is a mixture containing 21.7 per cent inflammable gas. (The 
amount of N» required is 34.7 X ®347 = 59.1 volumes of N» per 
34.7 volumes of inflammable gas. The amount of inflammable 

100 
100 + 59.1 — 
21.7 per cent.) This calculated value of 21.7 per cent agrees 
not at all with the observed value (Fig. 62) of 51 per cent, and 
impresses the fact that calculations of the above nature are of 
practically no value for gases containing large amounts of inert 
matter, such as nitrogen. 

Velocity and Characteristics of Explosion Waves.—If the third 
type of flame propagation (rapid explosion wave) takes place, 
the rate of propagation is very much faster than the speed of uni- 
form flame movement and ranges from 6500 to 10,000 ft. per sec. 
The following facts regarding the behavior of explosion waves 
have been established from the extensive researches of Dixon™ 
and others. 

1. The velocity of the explosion wave increases rapidly up 
to a maximum, after which the rate becomes practically uniform. 

2. Increase in pressure slightly increases the velocity. 

3. Increase of temperature slows down the velocity slightly. 

4, Inert gases act as a diluent and slow down the velocity 
(large excesses of the combustible gases usually act similarly). 

5. Combustion usually is incomplete in an explosion wave. 

6. Water vapor, up to 5 per cent in the gaseous mixture, 
increases the velocity of the explosion of CO. Further increases 
in the moisture content of the gas mixture retard the velocity. 

Radiation from Flames.—Although most of the heat from 
flames is utilized by convection or conduction, a considerable 
proportion of it also may be transferred by radiation. Thus, in 
the ordinary Bunsen flame, from 12 to 18 per cent of the total 


gas in 100 volumes of the mixture then is 34.7 X 
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heat of combustion is radiated away and consequently does not 
permit the attainment of maximum flame temperature. The 
amount of heat radiated from flames depends to a large extent 
on the degree of luminosity. Non-luminous flames lose a certain 
amount of heat by radiation (usually as much as 10 per cent), 
this radiation being intimately connected with the chemical 
reactions which are taking place. Luminous flames, in addition 
to the heat radiated in the process of chemical reaction (as in 
non-luminous flames), radiate an extra amount of heat by virtue 
of the highly incandescent particles of carbon* which impart 
the luminosity to the flame. The subsequent discussion sum- 
marizes certain information regarding radiation from non- 
luminous flames and points out a number of features of the extra 
radiation from flames of high luminosity. 

The first-recorded measurements of radiation from flames were 
made by von Helmholtz!” in 1890. He determined the absolute 
values of radiation from flames of various gases when burning in 
air. Helmholtz found that the amount of radiation per unit of 
gas burned depended upon the kind of burner used, the size of 
the flame, the amount of air mixed with the gas before burning, 
the temperature of the gases before combustion, and the kind 
of gas used. His values for the amount of energy radiated, as 
per cent of the latent heat in the gas, ranged from 5 to 15 per cent. 
The amount of radiation was found to decrease with the aera- 
tion, especially with luminous flames, and also to decrease with 
increased temperature of the mixture before combustion. The 
amount of radiation from different gases varied over rather wide 
limits. Upon these experimental results Helmholtz based his 
theory of flame radiation, according to which the radiation comes 
only from the products of combustion. Helmholtz postulated 
that the formation of a mol of water vapor in a flame will radiate 
a definite amount of energy, which may be determined by 
measurements of the radiation of a hydrogen flame. Further- 
more, the formation of a mol of CO» was considered to result in a 
definite amount of energy, which could be determined by measur- 
ing the radiation from a CO flame. On this basis a flame of 
methane, for instance, which burns with the formation of 1 
mol of CO, and 2 mols of water per mol of methane, will radiate 

*'The presence of carbon particles in luminous flames is demonstrated 


by the fact that a beam of light is polarized by passing through the flame; 
this is characteristic of the effect of solid surfaces. 
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an amount of energy equal to the radiation for the combustion 
of a mol of CO plus that for 2 mols of Hy. Comparison of such 
calculated values with experimental data should check the valid- 
ity of the theory, and the experimental basis upon which Helm- 
holtz’s theory rests is the agreement between his calculated and 
observed values, as shown in Table LXV. 


TABLE LXV 


Von HetmuHoutz’s Data oN RADIATION FROM FLAMES 


Mols prod- Radiation in relative units 
uct 
formed Per cent 
oo per mol | Luminous Non-luminous of theo- 
gas retical 
burned air* 


Observed | Observed | Calculated 


H,0 | CO, 
1S net Seger eee 1 OD hele cee 74 aye 0 
COe.. 0 aw TG Weer ce 177 ae 0 
CH,.. 2 1 391 327 325 55 
(Ecole ae eae 5 |e 2 1140f 510 502 141 
Illuminating.....| 1.2 | 0.5 310 181 179 30 


* Calculated from data as given for non-luminous flame. Not given in original table. 

+ Given elsewhere as 1200. 

This table, copied from Helmholtz’ paper, gives, in the first 
three columns, the gas used and the products of combustion. 
The fourth and fifth columns give the observed radiation, in rela- 
tive units. The CO flame gave 2.4 times the amount of radiant 
energy that the Hz flame did. The sixth column gives the radia- 
tion, also in the same relative units, calculated for the gas in ques- 
tion according to the theory. The last column, which does not 
appear in the original work, gives the per cent of theoretically 
required air which is premixed with the gas before burning in the 
free flame. These values were calculated from information given 
elsewhere in the published account. From the data given, it is 
impossible to find the radiation corresponding to any one given 
aeration, with the exception of zero primary air (which corresponds 
in many cases to a luminous flame). Complete aeration data 
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are given only for illuminating gas, and in this case the relative 
radiation for a 6-mm. flame varies from 100 to 30 over a range of 
primary aeration of from about 30 to 150 per cent. Hence the 
selection of any particular value must, of necessity, be decidedly 
arbitrary. On the other hand, the amount of primary aeration 
is so important a factor that all comparisons should be based 
upon a comparable aeration. In Helmholtz’ experiments, 
however, as is evident from the table, the per cent of primary 
aeration varies from 0 to 141 percent. There is also an unknown 
amount of secondary aeration. The criterion of aeration upon 
which the values chosen were determined seems to be the pro- 
duction of a flame with just enough air so that it is free from 
incandescent carbon particles. Evidently, this value will vary 
from zero primary air, in the case of H, and CO, to a very high 
value for acetylene, for instance. In addition, this criterion will 
depend upon the type of burner used and the air conditions and 
currents, as well as the kind of gas. Such a criterion of com- 
parable aeration, therefore, seems to be without any basis what- 
soever. If, on the other hand, the comparison of calculated 
and observed values as above is based on aeration as per cent of 
theoretical air, the only reasonable basis, it is evident that the 
agreement observed by Helmholtz will no longer be obtained. 

Callendar™ measured radiation from flames of coal gas burn- 
ing in a modified Méker burner. He found that large flames radi- 
ated more per unit area than small ones, and that the radiation 
increased with the depth of flame behind the unit area according 
to an exponential law. Callendar also found that in the Méker 
burner flames the radiation dropped off, as more primary air was 
admitted to the base of the burner. His values of radiation 
were about 15 per cent of the latent heat in the gas burned for 
flames from 1- to 4-in. diameter. 

These results, coupled with and interpreted in the light of 
data obtained in a more recent investigation,!* show that the 
radiation of heat from a non-luminous flame, although definite in 
amount under given conditions, varies greatly with the condition 
of the flame. The radiation drops off as the amount of primary 
air is increased beyond that for complete combustion, and with 
less air the radiation is also decreased. For methane, with 
theoretical air, the radiation is 54,500 B.t.u. per lb.-mol of gas 
burned and with 140 per cent of theoretical air the radiation is 
decreased to 49,000 B.t.u. per lb.-mol. For CO the radiation for 
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these flame compositions are 12,200 and 11,340 B.t.u. respectively, 
and for illuminating gas the values are 28,300 and 27,000 B.t.u. 
These values do not agree with the theory propounded by von 
Helmholtz. The above values show that the radiation from 
flames of different gases burned with air varies greatly; the 
radiation with theoretical air, expressed as percentages of the 
latent heat which is lost by radiation, has the values of 14.9 per 
cent for methane, 10.4 per cent for CO, and 13.8 per cent for 
illuminating gas. 

There appears to be no simple relationship between the amount 
of radiation and the composition of the gas or the products of 
combustion. The radiation per unit area for a flame is found to 
increase with increasing depth of flame, up to 40 in. in depth, 
according to an exponential law of the form R = K(1 — e**), 
where K and k are constants depending upon the composition of 
the flame and the temperature of the gases before combustion. 
The radiation from a flame under conditions of premixing is 
decreased as the air for combustion is preheated.* 

In luminous flames, as was intimated above, in addition to 
the radiation due to chemical reaction (electronic rearrangement), 
common to both luminous and non-luminous flames, there is 
also the radiation from the incandescent carbon particles which 
have been deposited in the flame by cracking. The generally 
accepted theory is that the carbon particles act as carriers or 
forwarders of the heat. These tiny bits of carbon, deposited 
in the flame by cracking, are instantly heated by the hot gases 
of the flame to a state of incandescence, in which condition they 
radiate heat to the cooler surroundings, exactly the same as 
would a solid body (see Appendix II). While in non-luminous 
flames experimental results seem to indicate that the radiation 
is to a large extent independent of the temperature, a considera- 
tion of the above statement shows that this is obviously 
not true for that part of the radiation from the luminous flame 
which is due to the carbon particles, for if the radiation from the 
carbon particles is the same as that from solid bodies, which 
there is every reason to believe is the case, then the radiation 
from the carbon particles will follow the Stefan-Boltzman law, 


* These is considerable evidence by Paschen and others indicating that 
the radiation from the non-luminous flame is due to thermal radiation of 
the hot products of combustion, carbon dioxide and water vapor. How- 
ever, this theory offers no satisfactory explanation as to the cause of 
decreasing radiation when the air for combustion is preheated. 
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and will be a function of the fourth power of the absolute tempera- 
ture of the flame. 

While it is generally known that luminous flames radiate more 
strongly than non-luminous flames, the existing data on radiation 
from luminous flames are comparatively meager. Von Helm- 
holtz also measured the radiation from luminous as well as from 
non-luminous flames. His results show that the radiation from 
the luminous flame is from 20 to 120 per cent greater than that 
from non-luminous flames. The greatest increase (120 per cent) 
noted in his work is with ethylene, which is the least saturated 
hydrocarbon he used. This is interesting, because, with the 
same amount of air, the less saturated the hydrocarbon the 
greater will be the cracking and deposition of carbon particles, 
thus giving proof of the importance of the incandescent carbon 
particles in the radiation from the luminous flame. 

Investigations have been carried out in Germany by Lent and 
Thomas, in which they used a blast-furnace gas flame to which 
benzol had been added to make the flame strongly luminous. 
The conditions were so regulated as not to increase the flame 
temperature. They found the radiation from the flame in this 
experiment was four times that from a non-luminous flame, 
and was practically the same as from a black body at that 
temperature. 

In general, it can be said that the radiation from luminous 
flames amounts to from 10 to 40 per cent of the potential heat of 
the gas, depending upon the degree of luminosity and the flame 
temperature. This shows the importance of radiation wherever 
luminous flames come into consideration. 

Flame Temperature.—The question of the temperatures of 
the flames obtained in the combustion of gases is highly impor- 
tant. The thermal efficiency of a process is measured by the 


. LD a is . . 
ratio — rae where 7’; is the highest temperature encountered 
2 


(7.e., the flame temperature) and 7’; is the lower, or stack, tem- 
perature. The difference between J. and TJ; represents the 
amount of heat used up in the process and 7's is a measure of 
the heat input. It can be seen that the higher the flame tem- 
perature (7's) the greater becomes the possible efficiency, because 
T; usually is fixed. Furthermore, the rate of heating an object 
is proportional to the difference in temperature between the 
flame and the object. Thus a gas having a flame temperature of 
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3300°F. (1816°C.) will heat an object to 2600°F. (1427°C.) much 
faster than a gas with a flame temperature of 2800°F, (1538°C.). 
It is very difficult to measure the actual temperature of a 
flame, or even to calculate its temperature with any degree of 
accuracy. Consequently, it is customary to speak of the 
“theoretical flame temperature,” which is the temperature that 
would be obtained if the combustion took place instantaneously, 
completely, and without loss of any heat to the surroundings; 
that is, if all the heat of combustion were used to heat the gaseous 
products of combustion. Thus the theoretical flame temperature 
is found by dividing the sum of the potential and sensible heat of 
a given quantity of gas and air mixture by the volume of the 
products of combustion of that same quantity of gas and air times 
its specific heat: 
Theoretical Flame Temperature = 


(Heat of Combustion + Sensible Heat in Fuel + Sensible Heat in Air) 
(Total Quantity of Combustion Products) X (Their Mean Specific Heats) 


The flame temperatures evaluated in this way are, of course, 
in error, since all the heat of combustion is not available for heat- 
ing the products of combustion, but the calculated temperatures 
are nevertheless of great value for the purpose of comparing 
different fuels and for determining the effects of excess air, the 
preheating of gas and air, ete. 

It will be seen from the above formula, that, in order to 
calculate the theoretical flame temperature, it is necessary to 
know the heat of combustion of the fuel gas, the amount of sensi- 
ble heat in the gas and air, and the specific heats of the various 
gases involved. Heat of combustion has already been discussed 
in Chap. X, page 204, and the heats of combustion of the impor- 
tant simple gases have been given for various conditions in Table 
LII, on page 205. The heats of combustion and the various 
combustion constants for representative manufactured and 
natural gases are given in Table LXVI. In flame-temperature 
calculations it is always necessary to use the low or net heating 
value of the gas, because the latent heat of condensation of the 
water vapor (which is included in the high or gross heating value) 
cannot be used to heat the products of combustion on account of 
the high temperature. In other words, only sensible or potential 
heat can be used to heat the gases to the flame temperature, since 
the latent heat of vaporization cannct be utilized unless the gases 
are cooled below 212°F. (100°C.). 
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Specific heats in general, were discussed in Chap. X (p. 207). 
From the chart given (Fig. 49) it is possible to read directly 
the heat required to raise a mol of the common gases to any 
desired temperature. Heating values of gases, however, are 
usually given in terms of B.t.u. per cu. ft. and the use of Fig. 49 
requires the calculation of the number of mols of gas involved. 
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Fig. 63.—Sensible-heat contents of COx, HO (vapor), Ne, O2, air, and CO 
above 60°F. The accuracy of values above 3800°F’. is doubtful. Use equation 
on p. 207 for more accurate values for He. 


It, obviously, would be much simpler for flame-temperature 
calculation if the total heats were given in terms of B.t.u. per cu. 
ft., and Fig. 63 has been drawn up on this basis. For example, 
suppose it is desired to calculate the theoretical flame temperature 
(with theoretical air) of CO, the heating value of which has been 


f —- 7 
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given in Table LII as 317.1 B.t.u. per cu. ft. at 60°F., 30 in. Hg 
pressure, and saturated with water vapor (7.e., on the same basis 
as the total heats given in Fig. 63). Then assuming that the 
CO and the air for combustion are both at 60°F. initially, the 
problem resolves itself into a question of how high the amount 
of heat developed by the combustion can heat the gaseous prod- 
ucts of combustion (given in Table LII as 1 cu. ft. of CO, 
and 1.88 cu. ft. of Ne per cu. ft. of CO burned). This problem 
is solved most readily by trial and error: First assume a flame 
temperature of 4500°F. (2482°C.); the total heat for the COz 
at this temperature, read from Fig. 63, is 144.5 B.t.u. and for 
Nz is 93 B.t.u. Multiplying 93 by the number of cubic feet 
(93 X 1.88) gives 174.8 B.t.u., and the total heat in the products 
of combustion of the CO is found to be 174.8 + 144.5 = 319.3, 
or, in other words, more than the heating value of the original 
CO; evidently, therefore, the assumed flame temperature is too 
high. Repeating this process for 4475°F., the sensible heat in 
the COz is found to be 143.5 B.t.u., and in the Neis 1.88 X 92.2 = 
173.5 B.t.u., the sum of these being 143.5 + 173.5 = 317.0 
B.t.u., or substantially equal to the heat of combustion of the 
CO. The theoretical flame temperature of CO, therefore, is 
4475°F. (2469°C.). 

Suppose, for a second example of this method of calculation, 
that it is desired to calculate the theoretical temperature of the 
flame of the producer gas given in Table LX VI, when this gas 
and the air for combustion are both preheated to 1000°F. and 
25 per cent excess air is used. The theoretical flame temperature 
under these conditions is the temperature at which the sensible 
heat in the products of combustion (7.e., the sensible heat in 
0.311 cu. ft. of CO, + 0.165 cu. ft. of HO + 1.44 cu. ft. Ne 
from the theoretical air + 0.25 X 1.08 cu. ft. of excess air, the 
values given in Table LX VI) just equals the sum of the potential 
heat in the producer gas (128 B.t.u. per cu. ft.) plus the sensible 
heat at 1000°F. in 1.25 times the air theoretically required for 
combustion, plus the sensible heat in the preheated producer 
gas. The heat input, then, using the above heating value 
(128 B.t.u.) and reading sensible heats from Fig. 63, is: 
Potential Heat = 128 B.t.u. per cu. ft. at 60° F., 30 in. Hg, 
H.O saturated. 

Air Used 


Sensible Heat in Air = ——,— 
ensible Heat in Air Air Required 


xX Cubic Feet Theoretical 
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Air per Cu. Pt. Producer Gas X Sensible Heat at 1000°F. 
=) 129 X 1.08 < 17.2 = 23.2 B.t,u. 
Sensible Heat in Producer Gas: 
(a) In CO, Ho, and N, = 
(Cu. ft. CO + Cu. ft. He + Cu. ft. Ne) per Cu. ft. 
Producer Gas X Sensible Heat at 1000°F. 
= (0.22 + 0.105 + 0.588) (17.2) 
= 15.7 B.t.u. 
(6b) In* CO.,, CHy, and C,H, = 
(Cu. ft. CO. + Cu. ft. CH, + Cu. ft. 
C2H,) per Cu. ft. Producer Gas X 
Sensible Heat at 1000°F. 
= (0.057 + 0.026 + 0.004) (25.2) = 2.2 B.t.u. 
Total Heat Input = 128 + 23.2 + 15.7 + 2.2 
169.1 B.t.u. per cu. ft. of 
producer gas at 60°F., 30 
in. Hg, and H.0O sat. 
The next step is to assume a temperature, say 3600°F., and to 
determine if the sensible heat in the products of combustion at 
that temperature is equal to the heat input. The products 
of combustion (from Table LXVI) per cu. ft. producer gas are 
found to be: 0.311 cu. ft. COs, 0.165 cu. ft. HO, 1.44 cu. ft. 
N- from the theoretical air, and 0.25 X 1.08 = 0.27 cu. ft. of 
excess air. The sensible heat at 3600°F. (reading from Fig. 63) 
is found to be: 


COz: 0.311 x 114 =1100.0_p.ule 
H.O: 0.165 & 100 S16) )5) 1B} th TU 
No + air: (1.44 + 0.27) X 72 = 123.0 B.t.u. 

Lie 0 1b te 


which is greater than the heat input, and therefore 3600°F. is 
above the theoretical flame temperature under these conditions. 

Repeating the above process for 3500°F., the total heat is 
found to be: 


CO2: (Sj Se TENS = BEAU Tes iil 
H,.O: Ol6o°x% 95.7) =) 102 Btu: 
Ne air: 1.71 X 69.7. = 119.0 B.t.u. 

169 QeB seu: 


* Assuming heat capacity of CH, and C.H, the same as COs, which is 
sufficiently accurate for this calculation and for the temperature range In 
question. 
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which agrees well enough with the heat input, and the theoretical 
flame temperature under the specified conditions therefore 
is 3500°F. 

Where it is desired to know the theoretical flame temperature 
of a gas under a number of different conditions it is convenient 
to have a chart such as Fig. 64, which shows the total heat in 
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Fre. 64.—Sensible heat in products of combustion of producer gas above 60°F. 


the products of combustion of the typical producer gas given in 
Table LXVI, when the gas is burned with theoretical air, and with 
25, 50, 75, and 100 per cent excess air. With the aid of figures of 
this kind it is possible (knowing the heat input) to read the flame 
temperature directly. For example, with producer gas and air 
initially at 60°F., the heat input equals the low heating value of 
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the gas, and, reading across from 128 B.t.u. (the low heating 
value of the gas), the theoretical flame temperature, when 100 
per cent excess air is used, is seen to be about 2130°F. 
Theoretical flame temperatures determined in this way are 
plotted as a function of the amount of air in Fig. 65. The top 
curve shows the theoretical flame temperature when both gas 
and air are preheated to 1000°F. (538°C.). It will be seen that 
the flame temperature is decreased nearly 900°F. (500°C.) by 


Theoretical Flame Temperature, deg. fahr: 


(enim @20. 407 40 60 GOL. 10 80 = oy 100 


Excess Air, per cent 


Fia. 65.—Theoretical flame temperatures (neglecting dissociation) of producer 
gas burned with varying amounts of excess air. 


increasing the excess air to 100 per cent. The curves in the lower 
part of Fig. 65 show the much lower flame temperatures obtained 
when the degree of preheating the gas and air is decreased. 

The theoretical flame temperatures in Table LX VI and the 
calculations just made are based on the assumption that all the 
heat of combustion of the gas is available for heating the products 
of combustion and will appear as sensible heat in them. This is 
not actually the case, and, although very valuable for comparing 
different fuels for specific purposes, the calculated theoretical 
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flame temperature is always higher than is obtained in practice. 
This discrepancy between the calculated and the actual flame 
temperatures is the result of the following factors: (1) CO2 and 
water vapor, at temperatures above 3000°F. (1650°C.), are 
slightly dissociated according to the reactions 


2C0, > 2CO + O2 — 244,800 B.t.u. 
5H,O + 2H, —- Os — 246.200 Btu. 


and, as indicated by the equations, the dissociation absorbs heat; 
(2) the specific heats of gases are not known with accuracy at tem- 
peratures above 3800°F. (2093°C.); (3) from 5 to 20 per cent of 
the heat of combustion may be radiated directly from the flame; 
(4) in the combustion of gases, the heat is not generated instan- 
taneously, and during the heating period a certain amount of 
heat is lost by conduction or convection. Our present knowledge 
of radiation from flames is still too meager to permit accurate 
prediction of the effect of this factor on flame temperature, and 
the amount of heat lost by conduction during combustion 
obviously will vary greatly with local conditions. It is possible, 
however, to estimate closely the amount of heat consumed by 
dissociation of CO, and H.O, and by taking this factor into 
account it is possible to calculate the flame temperature more 
accurately than by the preceding method. This calculation is 
explained in the following paragraphs. 

The degree to which CO, and water vapor will dissociate under 
given conditions can be calculated from the equilibrium con- 
stants (K) for the reactions involved. Equations expressing 
the variation with temperature in equilibrium constants for the 
reactions 


CO + 1602 = CO, + 122,400 B.t.u. 
H, + 1402 = H.0 + 123,100 B:t-u. 


have been given in Eqs. (46) and (47) of Chap. VIII. The per 
cent dissociation of CO. and H2O according to the reverse of 
these two reactions is shown'® in Fig. 66. The dissociation is 
given for 1 atmosphere partial pressure and for 0.1 atmosphere 
partial pressure. The latter values have been included since the 
partial pressures of CO. and H,O in combustion products are 
about 0.1 atmosphere. For almost all combustion calculations 
involving the dissociation of these two gases it is sufficiently 
accurate to consider the partial pressures as 0.1 atmosphere. 
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The calculation of flame temperature, correcting for dissocia- 
tion, then resolves itself into determining the temperature at 
which the sum of the sensible heats in the entering gas and air 
plus the potential heat in the fuel gas minus the heat which is 
absorbed by the dissociation (and therefore is not available for 
heating the flue gases) just equals the total sensible heat in the 
products of combustion. This temperature is easily determined 
with the aid of Fig. 67, which gives: (1) the heat absorbed by 
the dissociation of CO. and H,0O at 0.1 atmosphere partial pres- 
sure at temperatures from 3000 to 4600°F., (2) the sensible heat 
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Fig. 66.—Dissociation of CO» and H.O at high temperatures. (Adapted from 
““Combustion,’’ Am. Gas. Assn. (1924).) 


in the CO, + CO + Oz resulting from the dissociation at each 
temperature, (3) the sensible heat in the H,O + Hz + Oz resulting 
from the dissociation, and (4) the sensible heat in the nitrogen— 
all expressed as B.t.u. per cu. ft. of gas (7.¢., COz, H20, or Ne) 
initially measured at 60°F., 30 in. Hg pressure and saturated 
with water vapor. As an illustration of the use of Fig. 67, sup- 
pose it is desired to determine the flame temperature of CO, 
correcting for dissociation. It was shown in Table LI that the 
heating value of CO is 317.1 B.t.u. per cu. ft., that the products 
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of combustion (per cu. ft. of CO) are 1.0 cu. ft. of COz and 1.88 
cu. ft. of No, and that the theoretical flame temperature, uncor- 
rected for dissociation, was 4475°F. 

As a first trial in determining the corrected flame temperature, 
assume 4000°F. At this temperature the heat input is 317.1 
B.t.u. potential heat in the CO minus 91 B.t.u. absorbed in the 
dissociation of CO, (read from Fig. 67), or a total of 226.1 avail- 
able B.t.u. The heat required for a flame temperature of 4000°F 
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Fig. 67.—Heat of dissociation of CO2 and H2O, and sensible heat in CO, + 
a + Oo and H:O + He + Oo. (Adapted from ‘‘ Combustion,” Am. Gas Assn. 
1924).) 


is 127 X 1 = 127 B.t.u. sensible heat in the CO, + CO + O, 
from the dissociation of CO, and 1.88 XK 81 = 152 B.t.u. sensible 
heat in the nitrogen. The total heat required is 127 + 152 = 
279 B.t.u., or more than the heat input; therefore the flame- 
temperature corrected for dissociation is below 4000°F. 

Taking 3750°F. for the second trial, the heat input is: 


Rotentialibent in COlge ae. eee obi. B teu 
Heat lost through dissociation................ 57.0 B.t.u. 
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¢ 
The heat required is: 
Sensible heat in CO, (+ CO + Oy from dis- 


BO GIA GU) ranean eee hen ee ene) ne 118 B.t.u. 
Sensible heat in No = 1.88 X 76.............. 143 B.t.u. 
LL Otpltese ere eet ero eee ea oe 261 Biteu. 


which agrees quite closely with the heat input, and the theoreti- 
cal flame temperature of CO, corrected for dissociation, is, 
therefore, about 3750°F., as compared with an uncorrected 
temperature of 4500°F. 

Figure 67 has been drawn up on the assumption that no excess 
air is present, since the presence of oxygen would decrease the 
dissociation. For strictly accurate calculations, when excess 
air is present it is necessary to recalculate the degree of dissocia- 
tion of the CO, and Ha, taking into account the amount of oxygen 
in the gas. Since an excess of oxygen hinders the dissociation 
of CO, and H,0, it is clear that higher actual flame temperatures 
are reached with a slight amount of excess air than with the the- 
oretical amount of air. 

There are three principal ways in which the maximum possible 
flame temperatures may be attained: 

1. By liberating the heat of combustion as fast as possible 
(7.e., by surface catalysis) in order to minimize conduction losses 
from the flame. 

2. By using only a small amount of excess air, at the same 
time speeding up combustion by intimately mixing the com- 
bustible gas and air, and by surface catalysis. For example, in 
Fig. 65 it was shown that by increasing the excess air from 0 to 
100 per cent the theoretical flame temperature* of a producer gas 
was lowered from about 3800°F. (2093°C.) to nearly 2900°F. 
(1593°C.), a decrease of about 25 per cent. 

3. The flame temperature may also be increased by increasing 
the sensible heat in the gas-air mixture. For example, Fig. 
65 showed that the theoretical flame temperature* of a producer 
gas, burned with 25 per cent excess air, was increased from 2570°F. 
(1510°C.) to about 3500°F. (1927°C.) by preheating the gas 
and air to 1000°F. (538°C.). 

In practice, the most common (and usually unintentional) 
way in which flame temperatures are lowered is by the use of 
amounts of air largely in excess of the amount required for com- 


* Neglecting dissociation. 
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plete combustion. A reduction of flame temperature by this 
means results in: (1) a loss of sensible heat out the stack, due to 
the greater volume of outgoing gases, and (2) a further loss in 
heat, since these stack gases usually leave the furnace at a higher 
temperature (which is due to the less efficient absorption of heat 
within the furnace when a large amount of excess air is used). 
Such dilution of the burning gases usually represents an unneces- 
sary loss. 

There are a few cases, however, where dilution with an inert 
gas may be sound economically. Fuel oil, for example, is often 
atomized and sprayed into a furnace by means of a jet of steam 
(see p. 477). Although this steam results in the dilution of the 
furnace gases, it is often the most satisfactory and economical 
method of atomization. There are also cases where dilution 
is necessary in order to protect the product from being overheated, 
but such dilution should be accomplished as outlined later (see 
Chap. XVI, on the recirculation of flue gases). 

In many cases the flame temperature does not give a good 
visualization of the difference between combustible gases or show 
clearly the tremendous effect of dilution. This is particularly 
true in processes which require the absorption of large quantities 
of heat at a high temperature. The melting of metals, for 
example, and the decomposition of limestone both require heat 
at high temperatures. Consider the process of manufacture of 
lime from limestone, in which calcium carbonate (CaCQs) is 
decomposed according to the reaction 

CaCO; = CaO + CO, == 76,500 Bia 
This decomposition occurs only (at ordinary atmospheric pres- 
sure) at temperatures above 1630°F. (888°C.).* If, for the sake 
of illustration, we consider this limestone being burned with 
methane (CH,), the effect of excess air on the amount of heat 
available for the decomposition of the limestone and on the fuel 
consumption will be as shown in Table LX VIL. 

It will be noticed that increasing the air used for burning the 
methane from that theoretically required to 100 per cent excess 
air cuts the possible production from 2.83 to 1.42 mols of lime per 
mol of methane. Since the effect of dilution is not always obvi- 
ous from an inspection of flame temperatures, particularly where 
heat must be absorbed at a high temperature, it is, therefore, 
often advisable to calculate the heat available per mol or 


In actual lime burning decomposition begins below the temperature. 
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TABLE LXVII 


Errect or Excess Arr 1n Burntna Limestone with MrrHaNe 
ee a aia Tn 


| 
B.t.u. re- .._ | Mols of CaO 
quired to heat} Total heat Heat avail- (56 Ib. per 
hivheee ais Mols of flue products of liberated able (per mol) that can 
per cent | 888 Per mol combustion per mol of mol of CHs) be decom- 
of methane of 1 mol of methane, for decom- | posed per mol 
ethene ita position of of methane 
1630°F the limestone (359 cu. ft. 
: t 8. C.) 
0 10.52 129 , 400 346 , 000 216,600 2.83 
50 15.28 183 ,200 346 , 000 162,800 2,138 
100 20.04 237,200 346 , 000 108 , 800 1.42 


per cu. ft. of flue gas at the temperature at which the heat is 
needed. The fifth column in Table LXVII shows the result of 
such a calculation, and the decreasing effectiveness of the prod- 
ucts of combustion is at once apparent. 

Regeneration and Recuperation.*—Many industrial processes 
require high temperatures for successful operation, these tempera- 
tures being necessary not only to make the process possible, but 
also to enable its completion within a reasonable length of time. 
Preheating the air (and in many cases the gas as well) offers the 
only means of attaining the necessary temperatures, except with 
certain rich gases which cannot be used on account of their high 
cost. Preheating is generally accomplished by means of regenera- 
tors or recuperators which add to the entering air a part of the 
sensible heat in the outgoing stack gases. Thus, in addition 
to raising the flame temperature, regeneration and recuperation 
also recover a certain amount of heat, an extremely important 
function in many industrial furnaces, where without this recovery 
the heat actually applied usefully in the process would often be 
as low as 5 to 15 per cent of the total heat input. 

In regenerative furnaces one or more chambers containing 
checkerbrick are provided at each end of the furnace. The flow 
of fuel gas and air, and the direction of flame travel, are reversed 
periodically. In one period the hot stack gases give up part of 

* For a more comprehensive treatment of the subject of regeneration and 
recuperation, the reader is referred to Groump-GrJimaILo,'’ Damour,'® 
“A Study of the Open Hearth,”!® ‘A Study of the Blast Furnace,”’’® “Calco 
Handbook of Recuperation,’?! and Trinxs ‘Industrial Furnaces.”” 
Groumr-GrsIMaILo and TRINKS give a number of examples of recuperator 
and regenerator calculations. 
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their heat to the checkerbrick in the chambers at one end of the 
furnace, while the entering air, or air and gas, are preheated by 
passing over the checkerbrick at the opposite end, heated previously 
by the stack gases. Thus regeneration is a discontinuous proc- 
ess, in which brickwork serves alternately to pick up, and to act 
as a reservoir for heat from the flue gases, and then to pass this 
heat on to the entering air or gas. 

Recuperation, on the other hand, is a continuous process, the 
heat from the hot flue gases being transmitted to the cold enter- 
ing air through a partition which separates flues or ducts carrying 
the two gases (stack gas and air). 

The use of preheated air, whether obtained by regeneration 
or by recuperation, in addition to making possible the attain- 
ment of high flame temperatures and adding materially to fur- 
nace efficiency by the return of heat to the cycle, possesses 
another decided advantage. All combustion reactions are 
greatly speeded up by increasing the temperature, and therefore 
with preheated air it is possible to burn fuel completely with 
much less excess air than would be required if cold air were used. 
This fact has much to do with the success of air preheaters in 
boiler furnaces (see Chap. XIV) and assumes an added signifi- 
cance in many metallurgical furnaces. Here oxidation of the 
metal at high temperatures (as evidenced by scaling) must be 
prevented, usually by burning the fuel with zero excess or a slight 
deficiency of air. In such cases preheated air permits efficient 
combustion without the necessity for using excess air in such 
quantities that excessive spoilage of the material being heated 
would result. 

Regenerators are simple in construction and are almost 
always used to give the high degrees of preheat necessary, for 
example, in open-hearth furnaces. Moreover, there can be no 
leakage of stack gas into the preheated air ducts, as is possible 
in some recuperators. To offset the advantages of simplicity 
of construction and ability to deliver highly preheated air uncon- 
taminated with stack gas, regenerators have the following dis- 
advantages: (1) The process is discontinuous, and therefore the 
temperature of the preheated air varies; (2) relatively compli- 
cated valves are required for reversing the flow of flue gases 
and air; and (3) there is a labor cost involved in operating the 
reversing mechanisms. 
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Recuperators, being continuous in operation, give uniform 
degrees of preheat, require but half the number of chambers used 
in regenerators, require no reversing mechanism, and call for 
no extra labor for operation, thus overcoming many of the dis- 
advantages inherent in an intermittent process like regenera- 
tion. Recuperators have certain disadvantages, however, among 
which are the following: (1) Special refractory forms are used in 
recuperators to deliver air preheated above 1400°F. (760°C.); 
these forms are costly and leaks are liable to develop; (2) only a 
small amount of surface (in comparison with regenerators) is 
available for heat transfer and large equipment is necessary; (3) 
smaller degrees of preheat are economically possible than with 
regenerators; and (4) they do not have the ability to carry over- 
loads as well as regenerators. The disadvantage of leakage has 
been practically eliminated in heat-resisting metallic recuperators 
which can be used to deliver air preheated up to about 1200°F. 
(649°C.). 

As previously stated, regenerators are mainly used for obtain- 
ing high degrees of preheat (usually above 1400°F., or 760°C.), 
while recuperators find their widest application in operations 
which require air preheated to lower temperatures. 

Types of Regenerators.—The two largest applications of regen- 
erators are in open-hearth furnaces and in blast-furnace stoves. 
For the open-hearth furnace, one.or two regenerator chambers 
(one for air, and one for gas when lean gases, such as producer gas, 
are used) are provided at each end of the furance, the regenerators, 
in general, being placed independent of the furnace body, so 
that molten metal leaking through cracks in the furnace bottom 
cannot fill the checkerbrick in the chambers. 

When producer gas is used the air regenerator is made larger 
than the gas chamber on account of the large volumes of air 
required; the ratio of these two volumes is roughly 1.3:1. 

The passage of hot stack gases is down through the checker- 
brick, and the passage of cold air and fuel gas is up through 
the brickwork, in accordance with the principles of gas flow dis- 
cussed in Appendix I. 

The brickwork in the regenerator chambers generally is laid 
to form a number of vertical chimneys or passages, the exact 
arrangement and size of brick employed varying in different 
installations. The brick chosen should have a high heat capac- 
ity, and the amount of brickwork required to store the proper 
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amount of heat under given conditions may be calculated empiri- 
cally or rationally by the methods given by Groume-Grjimailo'” 
and Trinks.22. Ordinarily, in open-hearth furnace design the 
volume of checkerbrick in all four chambers will range from 130 


Fra. 68.—Foote patent blast-furnace stove. (Harbison-Walker Refractories 
Company.) 


to 150 cu. ft. per ton of furnace capacity. The general considera- 
tions involved in questions of heat transfer are discussed in 
Appendix II. 


PROPERTIES wes COMBUSTION OF GASEOUS FUELS 297 


The second major use of regenerative-type furnaces is for 
blast-furnace stoves. These stoves (Fig. 68), are tall, fire-brick- 
lined chambers filled with checkerbrick. They are heated by 
burning in them a part of the furnace gases. When the checker- 
brick has been heated sufficiently by this combustion, a blast of 
cold air is turned on (in the opposite direction to the flow of the 
hot flue gas), the heat previously absorbed by the brickwork 
serving to preheat the air. The air temperature gradually falls 
during the air blow, and, since a relatively constant temperature 
air blast is necessary in blast-furnace work, the hottest air at the 
start of the air run is cooled by admitting the proper amount of 
cold air. The cooling air is gradually reduced in amount until, at 
the end of the air run on a given stove, the blast furnace is using 
only the heated air, no cooling being necessary. Since the hot-air 
blast to the furnace must be continuous, several stoves are 
necessary, four generally being used. 

The efficiency of the heat transmission from and to the checker- 
brick is greatly influenced by the cleanliness. Thus, as pointed 
out by Walker, Lewis, and McAdams,”* a number of tests have 
shown that the coefficient of heat transfer with clean brick sur- 
faces is nearly twice as great as when the stoves are dirty. Much 
better heat transmission is possible when the gases are given a 
staggered path around the bricks. 

Types of Recuperators.—In recuperators, two passages, divided 
by a wall, carry the countercurrently flowing streams of hot flue 
gas and the air which is being preheated; part of the sensible heat 
in the flue gases flows through the dividing wall and serves to 
preheat the entering air prior to combustion. For preheated air 
temperatures in éxcess of about 1400°F. (760°C.) it is 
necessary to construct the air and flue-gas ducts of refractory 
materials. Recuperators made of ordinary iron and steel give 
satisfactory service for flue-gas temperatures up to about 
800 to 1000°F. (427 to 538°C.); for preheated-air temperatures”? 
between 800 and 1200°F. (427 to 649°C.), however, it is necessary 
to use heat-resisting metals, since the ordinary irons and steels 
are subject to excessive oxidation and scaling over this range. 
Even the heat-resisting metals (such as calorized metal, 7.e., 
steel with an alloyed surface coating of aluminum) are not recom- 
mended for use with flue-gas temperatures in excess of 2200°F. 
(1204°C.), which would correspond to a preheated-air tempera- 
ture of about 1200°F, (649°C.). 
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An example of the application of a modern tile recuperator 
is shown in Fig. 69, and a section of the recuperator tile work, 
clearly illustrating the flow of gas and air, is given in Fig. 70. 
The flow of air is straight upward through small ducts, and the 
hot gases pass downward and across through horizontal channels 
in the tile. The gas flow is in accordance with the principles 
treated in Appendix I. and the process is practically counter- 
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Fie. 69.—Section of typical Chapman-Stein forge furnace for small material. 


current. The tile are held in place laterally by slabs that direct 
the flow of the hot gases, and overlapping joints are used in order 
to diminish the tendency for leakage between the gas and air 
ducts. Even with these precautions, however, leakage will 
result if the recuperator is cooled frequently, and this type of 
heat-recovery equipment should not be used in intermittent 
operations where periodic cooling is necessary. 
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The heat-absorbing capacity necessary for successful regenera- 
tors is not called for in recuperators, since the heat is transferred 
through the wall dividing the flue-gas and air ducts. These 
walls should, therefore, be made relatively thin. The main 
resistance to heat flow in recuperators, however, is in the rela- 
tively quiet film of flue gas on one side and in the film of air on 
the other side of the dividing partition (see Appendix II). 


Fria. 70.—Chapman-Stein leakproof recuperator (patented). 


From this it follows that considerable variations in the heat 
conductivity of the brick will have but little effect on the rate 
of heat transfer. In connection with the subject of heat transfer 
it is interesting to note that, by corrugating the walls of the flue- 
gas and air ducts on the side away from the partition through which 
heat is transmitted, it is possible to obtain from 30 to 50 per cent 
better heat transfer than if the corrugations are not used. The 
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corrugations in the gas duct pick up heat from the gases and 
radiate it to the dividing wall between the two ducts, which, in 
turn, loses heat by radiation to the corrugated walls in the alr 
passage. These corrugated walls can then give up more heat to 
the air. 

Several types of metallic recuperators used for moderate 
degrees of preheat (up to about 700 or 800°F.), are described in 
Chap. XIV. The metallic recuperators used for more highly 
preheated air (made of heat-resisting metal) are practically 
always of the tubular type, on account of the lesser construction 
difficulties. These recuperators occupy less space than the tile 
type, and if properly constructed are practically free from leak- 
age. Manufacturers’ data?! show that the conductivity of the 
thin metal walls is so great in comparison with that of the thick 
tile walls that more efficient heat transfer is possible with the 
metallic construction. 

Heating Value of Gases.—Industrial gases are usually mix- 
tures of CO and Hae, together with smaller quantities of methane, 
ethylene, etc. with varying amounts of inerts (N2, COz, H2O), as 
shown in the following diagram: 


Commercial Gases 


{ i Seder 
Base Enriching Gases Inert Material 
H, CH, Ne 
co CoHy CO» 
ete. H.O 


The heating values of these elementary fuels under various condi- 
tions have been given in Table LII, and the distinction between 
gross (high) and net (low) heating value discussed on page 206. 
The composition and the heating values for representative 
industrial gases are shown in Table LX VI. 

When a gas is richer than 300 to 325 B.t.u. (high value) per 
cu. ft. the gas contains appreciable quantities of hydrocarbons 
in amounts depending on the heating value of the gas. If the 
heating value of the gas is below 300 to 325 B.t.u. per cu. ft., the gas 
contains inerts, such as nitrogen; the lower the B.t.u. value the 
greater the quantity of inert gas. 

Amount of Air Required for Combustion.—If the number of 
cubic feet of air required for the combustion* of 1 cu. ft. of gas is 

*See Chap. X, p. 233 for method of calculation. 
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Iss 
plotted against the heat content of the various combustible gases 
in B.t.u. per cu. ft., it is found that the result is a fairly straight 
line (see Fig. 71). If the plot were constructed for the saturated 
hydrocarbons (methane, ethane, etc.) alone, the line would be 
almost perfectly straight, because the amount of heat developed 
when a unit volume of oxygen (or air): burns with the theoretical 
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Fic. 71.—Cubic feet of air theoretically required to burn 1 cu. ft. of various gases. 


amount of any saturated hydrocarbon is approximately con- 
stant.* Thus, if the required amount of methane is burned with 
1 cu. ft. of air, the heat evolved will be the same as when the 
proper amount of propane or any other saturated hydrocarbon is 
burned with 1 cu. ft. of air. 

Fortunately, the heating value for CO and H. and the amount 
of air required for their combustion are such that the points for 


* This may be deduced from Thornton’s rule. 
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these gases also lie close to the extrapolated line for the hydro- 
carbons. Although not strictly correct in the case of the unsatu- 
rated hydrocarbons such as acetylene, ethylene, and propylene, 
these compounds are usually present in such small amounts in 
most commercial gases that the above relationship affords a 
simple and fairly accurate method for determining the amount 
of air required for the combustion of various gases from a 
knowledge of the B.t.u. content of the combustible gas. 


The equation of the line in Fig. 71 is:* 
: ; : (B.t.u.)1-°5 — 52 
Cubie feet of air required to burn 1 cu. ft. of gas = ee 
If a combustible gas and the theoretical amount of air for 
its combustion are mixed together, the B.t.u. per cu. ft. of this 
mixture can be calculated easily by using the above formula, 
namely: 


B.t.u. of 1 cu. ft. of gas 
= 1 


B.t.u. ot 1 cu. ft. of mixture (air + gas) = where z = cubic feet air 


required per cu. ft of gas. 
B.t.u, gas 100 (B.t.u.) ’ 
(B.t.u.)1-06 — 52 ~ (B.t.u.)1-06 + 48 
100 oe 


Then the B.t.u. per cu. ft. mixture (air + gas) is 


For most calculations it is sufficiently accurate to use this 
formula in a slightly modified form: 

100 (B.t.u.) 
B.t.u. + 50 
This formula indicates that the B.t.u. per cu. ft. of gas-air mixture 
is approximately constant over a wide variation of B.t.u. of the 
gas when the B.t.u. per cu. ft. of gas is high. Under these cir- 
cumstances (using the approximate formula) the importance 
of the constant 50 drops out and the heating value of the gas-air 


100 (B.t.u). 
igs Ce oe 100 B.t.u. per cu. ft. 


B.t.u. per cu. ft. of mixture (air + gas) = 


mixture is approximately 


of mixture. 

These conclusions are borne out by Fig. 72, in which the 
B.t.u. per cu. ft. of gas is plotted against the B.t.u. per cu. ft. 
of mixture (gas plus required air) for various commercial and 
natural gases. The figure shows that the B.t.u. of the mixture 


* A handy approximate formula is 
f B.t.u. of gas 
cu. ft. air per cu. ft. gas = ————=—_ — 0, 
I g 100 0.5 
This is fairly accurate for high B.t.u. gases (such as manufactured or city 
gas) but is subject to error in the case of the leaner gases (such as producer 
gas and blast furnace gas). 
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remains Ropretteails constant at a value of 92 to 100 B.t.u. 
per cu. ft. even though the heating value of the gas changes from 
about 300 to over 2000 B.t.u. per cu. ft. 

The presence of inerts in a rich gas does not disturb this 
relationship. For example, a cubic foot of methane has a high 
heating value (at 60°F., 30 in. Hg and saturated with H,O vapor) 
of 995 B.t.u. and, from Fig. 71, requires 9.52 cu. ft. of air for 


combustion. The B.t.u. per cu. ft. of the mixture therefore = 


che = 94.5. If the methane now is diluted with nitrogen 
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Fic. 72.—Heating value per cu. ft. of gas—theoretical air mixture for various gases. 


until the gas is 50 per cent CH, and 50 per cent N» the heating 
value will be 497.5 B.t.u. and the gas will require 4.76 cu. ft. 
of air for combustion. The heating value of a cu. ft. of the final 
mixture of diluted gas and required air is art = 86.5 
B.t.u., or a 50 per cent dilution of methane by nitrogen only 
caused a decrease of 9 per cent in heating value of the gas-air 
mixture. 

In gases of lower heating value, dilution causes a greater 
decrease in the B.t.u. of the combustible mixture. For example, 
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1 cu. ft. of hydrogen has a high heating value (at 60°F., 30 in. Hg 
and saturated with H.O) of 318.8 B.t.u. and requires 2.38 cu. 
ft. of air. The B.t.u. per cu. ft. of mixture (gas and required 
air) is coy or 94.5. If the hydrogen now is diluted with 
50 per cent No, a cu. ft. of a mixture of diluted hydrogen and the 
159.4 


air required for combustion will have a heating value of 1.19451: 
or 72.8 B.t.u. per cu. ft. (a decrease of about 23 per cent). 

In general, a variation of 300 to 3000 (tenfold) in the B.t.u. 
per cu. ft. of combustible gas produces less than a 10 per cent 
change in the B.t.u. per cu. ft. of a mixture of combustible gas 
and the air required for combustion. 

Surface Catalysis.*—In 1817, Sir Humphrey Davy, in his 
researches on flames, placed a heated platinum wire in a jar of 
gas-air mixture which contained sufficient excess gas to prevent 
explosion. The wire became red hot and continued so until the 
oxygen was practically all consumed. From the discovery of 
Davy and subsequent investigations by Graham, Dulong, 
Thenard, and others it was concluded: (1) that hot solids, par- 
ticularly of the platinum group, speed up gaseous combustion 
at relatively low temperatures, and (2) that hydrogen is more 
susceptible to this action than other combustible gases. 

Interest in the subject gradually died out, however, and no 
major researches were carried out in this field until 1902, when 
Bone” .*° and his collaborators started their systematic investiga- 
tion of the general phenomenon of surface combustion. They 
found: 

1. The power of accelerating gaseous combustion is possessed 
by all surfaces (in differing degree) at temperatures below the 
ignition point. 

2. This acceleration is dependent on the adsorption of the 
combustible gas, and probably the adsorption of the oxygen, by 
the surface. The surface becomes ‘‘activated”’ (and probably 
ionized) by this process. For example, photomicrographs of 
silver gauze taken before and after acting as a catalyst for the 
combustion of hydrogen at 752°F. (400°C.) showed that after 
acting as a catalyst for combustion the gauze was full of small, 
deep pits. 


* For a complete exposition of the subject of surface combustion and its 
technical applications, see Bibliogaphy, references 24, 25, 26, and 27. 
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3. The surface itself becomes electrically charged during the 
process. Thus, the silver gauze just mentioned became nega- 
tively charged during the experiment. 

4. At low temperatures, platinum, ferric oxide, and nickel 
oxide are the best catalysts for surface combustion. 

Similar results were obtained at high temperatures, although 
it was found that above a red heat practically all surfaces have 
an equal catalyzing power. Thus, although platinum, ferric 
oxide, and nickel oxide are the best catalysts at low tempera- 
tures, at higher temperatures incandescent coal, fire brick, and 
other refractory materials are equally good and work out very 
satisfactorily. 

Mechanism of Surface Combustion.—Catalytic combustion on 
surfaces depends primarily on the condensation or adsorption 
of one (or both) of the reacting gases by the incandescent 
surfaces. The condensed layers have the same effect as 
increasing the concentrations of the reacting gases and thus, 
according to the Law of Mass Action, increase the rate of com- 
bustion. This increase in the rate of combustion at the surface 
also raises the temperature of the surface, which again tends to 
increase further the rate of combustion at the surface. Through 
this pyramiding mechanism the rate of combustion at the surface 
increases until all of the gas burns there. It is known that hot 
incandescent surfaces emit large numbers of electrons and, 
according to Sir J. J. Thomson, the energizing of the field brought 
about in this way is also a cause for the catalytic effect. 

The rate at which the gases combine is proportional to the 
pressure of the gas and air, provided the gases are in their combin- 
ing volumes. When either gas or air is present in excess, the 
rate of combustion is, in nearly all cases, proportional to the 
partial pressure of the combustible gas. 

Industrial Development of Surface Combustion.—In the com- 
mercial applications of surface combustion an explosive gas-air 
mixture in the theoretical proportions for complete combus- 
tion (or with slight excess air) is burned without flame in contact 
with an incandescent solid. The advantages claimed for this 
system are: (1) combustion is greatly accelerated and may be 
concentrated where heat is desired, (2) combustion is perfect with 
a minimum of excess air, (3) very high temperatures can be 
attained without the aid of elaborate regenerative devices, and 
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(4) owing to the large amount of radiant energy developed, 
heat transmission is very rapid. 

An application of the surface combustion principle to a semi- 
muffle-type furnace is shown” in Fig. 73. Air and gas, mixed 
in the correct proportions, are introduced at both sides of the 
furnace, and the mixture plays directly on piles of refractory 
material, which become incandescent and on which surface com- 
bustion takes place. Heat is radiated from the incandescent 
material up to the furnace roof or arch and then back to the mate- 
rial which is to be heated. The burner shown is constricted at 
the tip in order to maintain sufficient gas velocity into the 
furnace to prevent back-firing. The metal burner shell extends 


o bie 74 4 7. 
TA, SIP SLATS Uf 


4 


SANA 
oe WY 
SS 


LASS 47 07 tf WSS 


Fie. 73.—Semi-muffle type surface combustion furnace. (Surface Combustion 
Company.) 


back out of the furnace, where cooling fins are provided to dis- 
sipate the heat conducted back from the burner nozzle. If this 
heat (radiated to the nozzle from the refractory bed) were not 
dissipated, the temperature might rise sufficiently to cause pre- 
ignition of the gas-air mixture or to burn out the burner shell. 
Another method of application of this type of burner is shown 
in Fig. 74. In this case, instead of the gas-air mixture impinging 
on refractory material on the bottom of the furnace, surface com- 
bustion is obtained by causing part of the combustion to take 
place in a refractory-lined tunnel in the furnace wall, and then 
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Fra. 74.—Tunnel burner of the arch type. (Surface Combustion Company.) 
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Fig. 75.—Front view of Bonecourt boiler. (From W. A. Bone: ‘‘Coal and Its 
Scientific Uses, p. 469 (1922), by permission of Longmans Green Co.) 
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combustion is completed as the hot gases wipe the furnace roof 
or arch. The roof becomes incandescent and radiates its heat 
to the material in the furnace. This same effect is obtained in 
upright furnaces by bringing the gas-air mixture in tangential to 
the side walls of the furnace, and allowing the combustion to go 
to completion as the hot gases swirl around in contact with the 
walls. 

Surface combustion principles have also been successfully 
applied in the Bonecourt boiler. Figures 75 and 76 show the front 


Fra. 76.—Rear view of Bonecourt boiler. (From W. A. Bone: ‘‘Coal and Its 
Scientific Uses,’’ p. 469 (1922), by permission of Longmans Green Co.) 
and back views of two surface combustion boilers (Bonecourt) 
each 10 ft. in diameter by 15 ft. long, fitted with 38 6-in.-diameter 
tubes. The tubes are packed with a rigid system of refractory 
blocks, on which the surface combustion takes place. Each sec- 
tion of refractory block fits into the next until the boiler tube is 
filled. Each tube has its own gas supply, and the gas-air mix- 
ture is drawn through the tubes by the suction of the fan shown 
at the rear of the furnace. The evaporation per linear ft. of 
each tube is shown diagrammatically in Fig. 77. The diagram 
shows the great speed of combustion possible even in a water- 
jacketed furnace. In this boiler, heat can be developed at the 
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rate of 700,000 Bit.u. per cu. ft. of combustion space per hr., 
or over 30 times as much as is developed per cu. ft. in an 
ordinary coal-fired boiler furnace. 

In a single tube of this type 88 per cent of the net heat devel- 
oped by the combustion was transmitted to the water, and in 
trials on a 10-tube experimental furnace efficiencies of 94.3 and 
93.3 per cent were obtained. In the test giving 94.3 per cent 
efficiency the steam was at 100-lb. gage (338°F., or 170°C.), 
the flue gas leaving the boiler was at 446°F. (230°C.), and the 
temperature of the gases as they left the feed-water heater or 
economizer was 203°F. (95°C.). The rates of evaporation in 
the two tests were 21.6 and 33.9 lb. per sq. ft. of heating surface 
per hr., or at seven to eight times the rate for ordinary boilers. 
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Fie. 77.—Evaporation per lin. ft. of Bonecourt boiler tube. (From W. A. Bone: 
“Coal and Its Scientific Uses,” p. 459 (1922), by permission of Longmans Green Co.) 


A 110-tube boiler, after five months’ actual running, indicated 
the heat balance shown in Table LX VIII. 
TABLE LXVIII 
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The Bonecourt boiler has the following advantages: (1) an 
exceptionally high thermal efficiency (the thermal efficiency 
of an ordinary gas-fired boiler ranges from 70 to 84 per cent), (2) 
a very high evaporative efficiency (an average of 20 lb. per sq. ft. 
of heating surface per hr. as compared with 10 lb. in a locomotive 
boiler and from 3 to 5 lb. in the average steam boiler), and (3) 
no formation of scale, due to the high rate of evaporation. 

There is a heat loss, however, if coal must be gasified, and there 
is a question as to the strength of boiler tubes after this severe 
treatment, although apparently they stand up in a satisfactory 


manner. 
GAS BURNERS 


The main functions of any gas burner are: first, to proportion 
the air and the gas properly, and, second, to mix them and to 
deliver the mixture to the proper point. The way in which vari- 
ous domestic and industrial burners meet these requirements, 
and certain features of burner design, are discussed in the 
remainder of this chapter. 

Domestic Gas Burners.*—Domestic gas burners are mainly 
of the atmospheric or Bunsen type, in which the momentum of 
the gas stream is utilized to inject part of the air necessary for 
combustion. This primary air and the gas are mixed together in 
passing through the burner tube, and the requisite secondary air 
is added as the gas burns at the outlet of the burner tube. 

There are two parts to the flame obtained with atmospheric 
burners: (1) the cone, where the gas burns with a portion (pri- 
mary) of the total air required for combustion, and (2) the upper, 
or main, part of the flame, where the balance of the gas burns with 
additional secondary air supplied from the outside by diffusion. 
In general, the gas burner must inject as much primary air as pos- 
sible, be of such construction that the flame will neither blow 
away from the ports nor snap back, and give steady operation 
over as wide a variation in operating conditions as possible, 7.e., 
over a wide variation in gas pressure, gas density, and in capacity. 
To accomplish these purposes, and particularly to entrain the 
maximum amount of air, the energy of the gas stream must be 
conserved and transferred over to the stream of mixed primary 
air and gas. The maximum entrainment of air is possible only 

* This section on the design and efficiency of domestic gas burners is 


based largely on the results of investigations carried out at the U. S. Bureau 
of Standards. 29:30 
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when the resistance to the flow of air into the burner and the 


back pressure within the burner itself are small. To accomplish 
this, the burner requires four main parts (shown for a typical 
burner in Fig. 78), the functions of which are as follows: 

1. The nozzle or orifice, through which a fine, high-velocity 
stream of gas flows, should be of such design that, for a given 
volume, the gas has the maximum velocity possible. 

2. The injection tube, which carries primary air and gas, should 
be of such design that eddy currents are prevented and the 
resistance to the flow of air and gas is a minimum. 

3. The burner ports, through which the gas and primary air 
flow and at which combustion starts, should be of sufficient area 
to give minimum resistance to the flow of gas. 
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Fic. 78.—Atmospheric-type domestic gas burner. 


4, The air shutter, which controls the amount of air, should 
interpose only a slight resistance to the flow of primary air. 

Orifice.—Two types of orifices are used, the sharp-edged and 
the channel type of orifice, shown in Fig. 79. The flow of gas 
through the sharp-edged orifices may be calculated from the 


formula V = 10.4.) where V = velocity of the gas in feet 


per sec., H = pressure of gas on the orifice in inches of water, 
and D = specific gravity of the gas (air = 1). This formula is 
a modification of the general formula given in Eq. 18 of Appendix 
I, using an orifice coefficient of contraction of 0.61. Channel 
types of orifices have a higher coefficient of contraction, namely 
0.89, and consequently the equation for the flow of gas from a 
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channel-type orifice is V = 50/8. The two following equa- 


tions (which show the product of the velocity times the area of 
the orifice) give the rate of flow through sharp-edged and channel 
orifices where A = area of the orifice in square inches and 


Q = the cubic feet of gas flow per hr. 
H 


Q (channel orifice) = 1474 Ante 


I 


Q (sharp-edged orifice) 


Sharp Edge Channel 
Fig. 79.—Sharp edge and channel type of orifice. 


Since the sharp-edged type of orifice has the greater con- 
traction (smaller coefficient of contraction), under conditions 
of domestic burner operation the velocity through a sharp-edged 
orifice will be greater than that through the same diameter of 
channel-type orifice for a given rate of flow. Consequently, 
the momentum of a gas stream is the greater when coming from 
a sharp-edged orifice, and therefore a 
sharp-edged orifice will inject more primary 
air into a gas burner than will a channel- 
1 type orifice. 
ae Mixing or Injection Tube—Since pri- 

Venturi Mixing or Injection Tubs mary air is injected due to the transfer of 

Fa. 80.—Most efficient momentum from the gas to the stream of 
type of atmospheric burner . : 2 
injecting tube. gas plus primary-air mixture, the quantity 

of air injected into a burner will depend 
upon the velocity, the quantity, and the density of the 
gas. The venturi type of injection tube, in which the gas is 
gradually contracted and then allowed to expand naturally with 
a small amount of resistance, is best. This type is shown in Fig. 
80. Even with this type of injection tube, due to friction, the 
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entire energy of ma gas stream is not conserved. The efficiency 
with which the air is injected may be measured by noting the 
ratio of the momentum of the gas stream to the momentum of the 
stream of gas and primary-air mixture. This ratio, R, is given 
by the following equation: 


1658.5X KV Hd 
Q@ +4) (+1) 


where X = the cross-sectional area of the injection tube in square 
inches. 
K =the contraction coefficient of the orifice (0.61 for 
sharp-edged and 0.89 for channel type). 
H =the pressure of the gas on the orifice in inches of 


water. 
d = specific gravity of the gas with reference to air. 
the rate of flow of gas in cubic feet. per hr. 
= the ratio of primary air to gas in the mixture pass- 
ing through injection tube. 
Each setting of any particular burner has a constant ratio 
R, which is characteristic of the burner itself. The injection 


+6 
I 


efficiency of the burner is equal to 3 x 100. The use of this 


formula is shown by the following example. In a pipe burner 
injecting gas at the rate of 50 cu. ft. per hr. the air-gas ratio was 
5:1. This gas was coming in through a sharp-edged orifice and 
into an injection tube 114 in. in diameter, the specific gravity of 
the gas being 1.0, the gas pressure being 4.0 in. Under these 
circumstances, the ratio R is: 


(1658.5)1.5 X 0.61V/4 X 1 
50 = 1) (6 I 1) 


R= 
R = 1.68. 
er : ae 
In other words, the injection efficiency of this burner is 1.68 


= 59.5 per cent. In order to get the maximum efficiency of air 
injection it has been found (see Fig. 80) that the mixing or 
injection tube should meet the following requirements: 

1. As the gas flows through the injection tube the change in 
the inner contour of the tube should be gradual. 

2. The approach should follow approximately a curvature 
which should have not less than a 3-in. radius for a 5g-in. throat. 
Other sizes should be proportioned approximately the same. 
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3. The gas outlet angle should be about 2 deg. 

Such an injection-tube is somewhat hard to construct and con- 
sequently, while not quite so efficient, the burner that meets the 
following specifications (see Fig. 81) will serve quite well: 

1. The approach should be on a 10.5-deg. angle. 

2. The outlet angle should be approximately 3.5 deg. 

In the injection tube the angle of approach is not so important 
as the outlet angle, but it is important that the gas stream be 
directed straight along the axis of the 
injection tube. 

a Ports.—The ports of the burner should 
Tacit: rca be drilled so that the total area is equal 

Fic. 81.—Satisfactory to about 75 per cent of the cross-sectional 
design of atmospheric burner area, of the injection tube. If the rate 
injecting tube. 5 F 

of flame propagation of the gas is apt to 
change to any great extent, it is advisable to counterbore 
the burner ports in order to make them flare at the top. 

The curves in Fig. 82 show for water gas the velocity of the 
air-gas mixture through ports of burners when the air-gas ratio 
is sufficient to cause the flames to blow from the ports. For 
example, with a 3:1 air-gas ratio the flame will blow out when 
the air-gas ratio has a velocity through the burner ports greater 
than 15 ft. per sec. If the velocity drops down below 3.5 ft. 
per. sec. the mixture flashes back through the ports into the 
injection tube. With increasing air-gas ratio the limits at which 
the flame will blow from the ports or flash back into the injec- 
tion tube come closer together. 

Shutter.—In order that the resistance of the shutter which 
regulates the amount of primary air be sufficiently small, it is 
necessary that the velocity through the shutter should not be 
over 4 to 5 ft. per sec. 

Efficiency of Domestic Gas Burners.—The efficiency of a domes- 
tic gas burner as:measured by the ratio of the heat absorbed to 
the potential heat of the gas burned is very nearly constant with 
any given burner, even though the B.t.u. of the gas itself varies 
over a wide range. For example, the B.t.u. of a gas may vary 
from 300 to 600 B.t.u. per cu. ft., yet the quantity of the gas 
required for a given performance varies inversely as the heating 
value of the gas. This, of course, assumes that the gas burner is 
suitably adjusted for this change in heating value. In general, 
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domestic gas burners operate with an efficiency of around 37 
per cent. 

Factors Affecting the Type of Flame-—The character of the flame 
depends greatly on the amount of primary air with which the 
gas is mixed before combustion starts. Combustion is extremely 
rapid when the gas is thoroughly mixed with the total amount of 
air required for combustion. For example, when the amount of 
air theoretically required is thoroughly mixed with city gas, com- 
bustion is so rapid that only 0.6 per cent CO is left unburned after 
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Fig. 82.—Blow out (upper limit) and snap back (lower limit) limits of velocity 
for water gas. 


149 sec.5! If 8 per cent of excess air is thoroughly mixed with 
manufactured gas, combustion is complete within 179 sec. and 
no unburned CO is present in the gas. Under these conditions 
(7.e., when the air and gas are thoroughly premixed) the tempera- 
ture of the furnace wall has no effect on the rate of combustion or, 
in other words, on the length of the flame. Figure 83 shows’? 
that a change in wall temperature from 230 to 2012°F. (110 to 
1100°C.) had no appreciable effect on the rate with which the 
gas burned. This is important in connection with the use of 
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gas under widely different conditions, such as in a high-tempera- 
ture heat-treating furnace or in a domestic boiler. In the first 
case the walls are very hot, and in the second case, of course, the 
walls are water cooled. If the gas and the air are premixed, the 
rate of combustion will be approximately the same in each case. 
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Fie. 83.—Effect of primary aeration on the per cent of CO in air-free flue gas, 
showing negligible effect of wall temperature on speed of combustion. 


Kffect of Primary Air on the Height of Cone.—It is important 
to note the effect of the amount of primary air injected into the 
burner upon the height of the cone and upon the height of the 
flame itself. The height of the cone goes down very rapidly as 
the amount of primary air increases up to 75 per cent of the theo- 
retical air. This fact is illustrated*!%2 by Fig. 84, which shows 
that when 100 per cent of the theoretical air required for combus- 
tion (4.7 cu. ft. of air per cu. ft. for the particular gas used in 
these experiments, or, in other words, an air-gas ratio of 4.7 
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to 1) was premixéd with the gas, the cone height is only about 
1.5 in. under the conditions specified. With half the air pre- 
mixed (air gas ratio = 2.35), on the other hand, the cone was 
10 in. high. When only a small amount of primary air is injected 
into the injection tube of the burner (2 cu. ft. primary air to 1 cu. 
ft. of gas) the height of the cone is almost directly proportional 
to the velocity of the air-gas mixture. With a high degree of 
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Fic. 84.—Effect of primary aeration on height of flame. 


aeration (air-gas ratio 4:1), however, the height of the cone is 
small and is almost independent of the air-gas velocity. With 
low aeration (air-gas ratio 2:1) and constant gas velocity, the 
height of the cone is proportional to the diameter of the portholes. 
With greater aeration the port diameter does not seem to have 
so much effect. 
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Effect of Primary Air on the Flame.—Increasing the velocity 
of the gas-air mixture through the ports or keeping the velocity 
constant and increasing the diameter of the port both tend to 
lengthen the total height of the flame itself. Also, the more 
primary air injected into the flame the shorter the flame. These 
points are shown?!:3? in Table LXIX. 


TABLE LXIX 
EFrrect or Primary AiR ON Tota HEIGHT oF FLAME 


Height of flame when velocity of air and gas 
Amount of primary air, mixture is 
cubic feet air per cu. ft. gas | 
3 ft. per sec., inches | 10 ft. per sec., inches 


m0) 17 28 
1 6 19 
2 2 14 
3 1 10 


Industrial Gas Burners.—The choice and the design of gas 
burners for industrial furnaces to a large extent depend on 
the specific purpose for which the heat from the combustion of the 
gas is to be employed and also on the B.t.u. of the gas used. The 
degree of mixing of gas and air is one of the major factors con- 
trolling the rapidity and the completeness of combustion—the 
greater the mixing the more rapid the burning of the gas. Thus 
for furnaces in which all the heat must be liberated quickly in a 
confined space, intimacy of mixing of gas and primary air is 
essential. Furthermore, as just shown for domestic gas burners, 
the larger the ratio of primary air to gas the shorter the flame. 
For other purposes, where a long, soft, lazy flame is desired and 
where the process of combustion must extend over considerable 
distances (as, for example, in reheating furnaces), mixing of gas 
and air must be retarded, and the type of burner selected with 
this end in view. 

Industrial gas burners may be grouped arbitrarily as follows: 
(1) The port type, in which separate streams of gas and air are 
passed into and mix within the furnace; this type of burner is 
used mainly with highly preheated gas and air which, if mixed 
together outside the combustion chamber, would preignite—or 
with gas containing large quantities of dirt or tarry matter which 
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would interfere with the operation of ordinary burners. (2) 
The aspirator type of burners, in which either gas or air (or both) 
is under pressure, and the momentum of one stream (gas or air) 
is used to induct the other. In this type of burner enough 
primary air or gas may be induced to make the theoretical 
mixture, or the momentum of an incomplete mixture may be 
used to induce the remainder of the necessary air, or one of several 
other combinations may be used. (8) In the third type, “propor- 
tioning machines,” the gas and all the air necessary for combus- 
tion are mixed in a fan or chamber and then delivered as a blast to 
the various furnaces. This classification is decidedly arbitrary, 
and, as will be seen in the subsequent discussion of specific 
burners, a burner may embody features from more than one of 
the above classes. 

Port-type Burners—In burning producer gas in open-hearth 
furnaces, on account of the high flame temperatures required, 
(3000 to 3300°F.) it is necessary to preheat both air and gas to 
very high temperatures. The ports (openings through which 
gas and air are admitted to the furnace and by means of which 
the direction of the flame is controlled) are-very important in 
good open-hearth design and are a frequent source of trouble in 
furnace operation. One or the other end of the furnace is always 
being subjected to an extremely rapid flow of hot gases containing 
bits of limestone, slag, etc., and this tends to wear away and 
destroy the alignment of the ports. In many furnaces there are 
two air ports and one gas port at each end of the furnace, although 
sometimes two gas and three air, two gas and two air, or one gas 
and one air port are used. 

The number of ports used, the angles at which they enter 
the furnace, the point at which the air and gas streams are 
designed to converge, and the relative velocities of the two 
streams depend on the type of furnace. Where all the heat must 
be developed in a relatively restricted space, the streams of gas 
and air must be mixed as quickly as possible. Such mixing can 
be brought about: (1) by providing a relatively large number of 
small ports, and (2) by causing the gas and air ports to enter 
the furnace at such angles that the two streams converge soon 
after they leave the ports. In other types of furnaces (such as 
the open-hearth and certain kinds of heat-treating furnaces) 
the flame must extend over considerable distances, the tempera- 
ture must be reasonably uniform throughout the furnace, and 
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therefore the combustion must be gradual. This delayed or 
progressive combustion can be obtained by using a relatively 
small number of large ports, and by permitting only a gradual 
convergence of the gas and air as the two streams pass through 
the combustion space. In certain cases it may be advantageous 
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Fie. 85.—Typical port construction of an open-hearth furnace. 


to make the gas and air ports nearly parallel in order to delay 
mixing. 

In open-hearth furnaces the ports are inclined downward 
to make the flame come into contact with the molten bath; 
otherwise poor heat transfer would result and the roof would be 
burned out rapidly. The air usually enters above the gas and 
the air stream is deflected downward more than the gas stream. 
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The air thus is kept above the gas, preventing too severe heating 
of the roof and also preventing oxidation of the metal. The 
streams of gas and air meet from 3 to 5 ft. above the surface of 
the bath; if this point is below 3 ft., the gases are somewhat chilled 
by the bath, thus preventing maximum flame temperature, and 
if above 5 ft. the roof is rapidly burned out. In addition to the 
inclination of the ports, the flame is also directed by the use of 
high gas and air velocities. In European practice this varies 
from 40 to 60 ft. per sec. and in American furnaces the velocity 
through the ports is usually much higher—up to 160 ft. per sec. 
Details of the port construction of typical open-hearth furnaces 
are shown in Figs. 85 and 86. 
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Fria. 86.—Typical port construction of an open-hearth furnace. 


Ordinarily, ports are made up of silica brick, but on account 
of the rapidity with which this brickwork is burnt out a number 
of water-cooled ports have been installed. Details of a water- 
cooled port that has given good service at the Lackawanna 
Steel Company’s plant are shown* in Fig. 87. 

A number of modifications in open-hearth design have been 
tried out in an attempt to lengthen the life of a furnace and to 
shorten the time necessary for melting and refining a charge. 
One of the more recent developments is the Loftus system*# 
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shown in Fig. 88, which injects regenerated, hot air under pressure 
into the producer-gas line. The gas-air mixture thus produced 
passes through a nozzle into a mixing chamber, thereby 
inducing the secondary supply of air necessary for complete 
combustion. A supply of air (see figure) is withdrawn 
from the regenerator and passed through a special blower driven 
by a variable-speed motor. This air is then injected into the 
center of the gas stream. The chief advantages claimed for this 
type of port are: (1) By regulating the volume and the pres- 
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Section Y-Y 
Fia. 87.—Circular water-cooled port in use at plant of Lackawanna Steel 
Company. A, air uptakes; B, gas uptake; C, port cooler; D, combustion cham- 
ber; Z, blocks; F, ground silica brick packing; G, air space between gas and air 
uptakes. 


sure of the injected air it is possible to obtain either a long or 
a short flame, (2) the travel of the gas may be altered to suit the 
conditions by rotating the port, (3) a port can be replaced easily 
and quickly. 

Aspirator-type Burners.—As previously stated, in aspirator- 
type burners either the gas or the air (or both) may be under 
pressure, and the momentum of one stream (usually the gas) is 
used to induce the desired flow of the other stream. There are 
a great many variations of this principle, as is shown below in 
the description of individual burners. 
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In_ burning Ape pee gas, on account of its leanness 
(low B.t.u.), it is important to provide thorough mixing of the 
gas and air, and to provide long flame travel to allow complete 
combustion of the gas. Furthermore, gas coming directly from 
a blast furnace contains suspended ore, coke, and dust, which 


KR 
Fie. 88.—The Loftus port for open-hearth furnaces. *4 


collect on heating surfaces and lower heat transmission. The 
gas also contains relatively high percentages of moisture, which 
increases the heat loss as sensible heat of the gases. The dust 
and moisture contents may be reduced by washing the gas in 
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a spray chamber and, in spite of the sensible heat lost (spraying 
cools the gases from about 300 to 80°F., 150 to 27°C.), the 
increased efficiency which may result from the use of a cleaner 
gas often offsets this loss. 

Several types of burners used for burning blast-furnace gas 
are shown* in Figs. 89, 90, 91, and 92. The ‘‘common” type of 
burner illustrated in Fig. 89 has been the one most generally 
used. The gas is blown in through holes in the furnace front, and 
by its momentum induces a flow of air around the burner body. 
Mixing is very poor, however. Furthermore, the gas velocities 
are usually too high. 


WY, Gas 


Fie. 89.— Fig. 90.—Bunsen- Fie. 91.—Birk- Fire. 92.— 
Common type type burner. holtz-Terbec k Bradshaw burner 
blast-furnace burner for blast- for blast-furnace 
gas burner. furnace gas. gas. 


The burner shown in Fig. 90 is of the Bunsen type, some of 
the air necessary for combustion entering through the small 
central tube shown, and the necessary secondary air being 
induced at the furnace front by the velocity of the gas-primary-air 
mixture. This burner is an improvement over the “common” 
type and gives better mixing. 

The Birkholtz Terbeck burner (Fig. 91) has two places for the 
admission of primary air, and a supply of secondary air enters 
at the furnace front. As indicated by the diagram, part of the 
primary air is drawn in through a small pipe running through 
the central gas duct, and an additional supply of primary air is 
drawn in around the gas duct just at the entrance to the mixing 
chamber. Thus an annular ring of gas, with a layer of air both 
inside and outside, passes into the chamber, where the three 
streams (one of gas and two of primary air) are mixed. The 


* Figures 89 to 92 are adapted from Drent,** who describes these and 
numerous other burners used for blast-furnace gas. Diehl also gives 
the results of an extensive series of tests on boilers and blast-furnace stoves 
fired with this gas. 
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momentum of this mixture then induces the necessary additional 
supply of secondary air. 

The Bradshaw burner, shown diagrammatically in Fig. 92, 
utilizes the venturi principle to inject primary air. The gas duct 
is constricted at the venturi throat and the reduced pressure 
causes a certain amount of primary air to be drawn in. The gas 
and the air are then mixed in passing through the expansion 
chamber of the venturi and secondary air is drawn in as the 
mixture passes into the furnace. The expansion tube should be 
so designed that the velocity of the gas-air mixture in it is suffi- 
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Fia. 93.—Steinbart automatic blast-furnace gas burner. 


ciently greater than the rate of flame propagation to prevent 
back-firing. 

All of the above burners rely on manual operation to adjust 
the air and gas supply. Thus, when, for any reason, the gas 
pressure changes, the ratio of air to gas also changes to a certain 
extent. This, obviously, leads to changed (and usually lowered) 
efficiencies. The Steinbart burner shown in Fig. 93 has been 
used in an attempt to overcome this difficulty. The gas and air 
(both under pressure) pass through separate orifices at the front 
of the furnace, the orifices being so designed that if the pressures 
in the gas and air ducts are equal the proper amount of air will be 
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admitted. A pressure regulator interconnected between the 
two ducts controls the speed of a forced-draft air fan, thus main- 
taining substantially equal pressures of gasand air. This method 
of regulation operates satisfactorily unless the orifices are eroded 
or become blocked up by dirt in the gas. 

It should be emphasized again that the function of a gas 
burner is to admit the proper amount of gas and air (in the 
correct proportions) and to mix them so that the desired control 
of combustion can be maintained. The performance of all 
burners must be viewed in the light of these two requirements. 

The burners of the aspirating type so far described have all 
been used primarily for blast-furnace gas. The requirements for 
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Fia. 94.—Flinn and Dreffein producer-gas burner. 


a burner to be used with producer gas are somewhat different and 
will be discussed next. Producer gas (unless carefully cleaned) 
usually contains considerable quantities of tar and soot, and, as 
pointed out on page 318, port-type burners are ordinarily used. 
For many industrial purposes, however, particularly in small 
furnaces, the many advantages of raw producer gas make it 
highly desirable to have a burner of the aspirating type suitable 
for this gas, and several satisfactory burners have been 
developed. 

In burning raw, cooled producer gas the flow of gas cannot be 
efficiently regulated by means of valves, since the tar in the gas 


PROPERTIES AND COMBUSTION OF GASEOUS FUELS 327 


will accumulate wherever there is a valve or gate. For this 


reason the necessary control of air and gas flow in raw, cooled 
producer-gas burners is secured by regulation of the air either 
through pressure or by the amount sent directly through an 
injecting nozzle (to induce the proper gas flow). In the Flinn- 
Dreffein burner (Fig. 94) the air supply is controlled by an air 
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Fia. 95.—Low-pressure system of Surface Combustion Company. 


nozzle, which not only admits all the air necessary for combus- 
tion but also induces the flow of producer gas from the gas flue. 
This nozzle is so arranged that a jet of air (tending to induce gas 
flow from the gas main) can be sent through the small central 
tube, or a cone of air (which tends to retard gas flow) can be sent 
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around the outside of the central nozzle tube. By adjusting the 
nozzle to obtain a desired balance between these two effects, it 
is possible to keep the air-to-gas ratio constant and to vary the 
amount of gas fed to the furnace between quite wide limits. 
After leaving the nozzle, the gas-air mixture passes into a refrac- 
tory-lined tube in which a small amount of initial combustion 
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Fia. 96.—High-pressure system of Surface Combustion Company. 


takes place, thus raising the temperature to a point where 
entrained tar is atomized and can be burned efficiently. This 
burner is also equipped with a vertical lift valve (not shown in 
the diagram) which is left wide open while the burner is in oper- 
ation and is closed only for complete shutdown. Tar solidifies 
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around the valve seat while the burner is shut off, and on start- 
ing up again it is necessary to shatter the tar seal either by 
pressing downwards or by striking the valve stem. 

Two burners (really proportioning devices) which have been 
used mainly with rich, high B.t.u. gases are shown?’ diagram- 
matically in Figs. 95 and 96. In the so-called ‘low-pressure 
system” (Fig. 95), the gas is used at a pressure of from 2 to 6 in. 
water, and the air (all that is required for combustion) is kept 
at a pressure of from 0.2 to about 4b. per sq. in. The air enters 
the chamber A and in passing through the throat B induces a 
flow of gas through the nozzle C. The gas is regulated to fur- 
nace or atmospheric pressure by means of the governor D, and 
passes through the constricted opening / on its way to the 
mixing nozzle. The gas and the air are mixed in the venturi-like 
throat and from the expansion tube G pass through pipes (as a 
combustible mixture) to burners, usually similar to those illus- 
trated in Figs. 73 and 74, at the furnaces. The amount of com- 
bustible mixture passing to the burners is controlled by varying 
the air supply, and the gas-air ratio adjusted by changes in the 
setting of the valve at F. This system requires double pipes and 
is mainly used in small furnaces. 

In the ‘“‘ high-pressure system” shown in Fig. 96 the gas is com- 
pressed up to about 10 to 25 lb. per sq. in. pressure and, in flowing 
through the nozzle C, induces a flow of air through the air inlet and 
into the throat D. Here the gas and the air are mixed and the 
combustible mixture led to individual burners (usually of the 
type shown in Figs. 73 and 74). An adjustable shutter over 
the air inlet can be used to fix the proportions of gas and air, and 
the quantity of gas-air mixture supplied then can be controlled by 
regulation of the gas pressure. This system is well adapted for 
use with rich gases which require large volumes of air for combus- 
tion, since with commercial appliances it is practically impossible 
to induce this air unless the gas pressures are substantially as high 
as those maintained with this type of equipment. In this system, 
as well as in the type shown in Fig. 95, an explosive combustible 
mixture is being handled at all times. 

Proportioning Machines.—In proportioning machines, the gas 
and all or part of the air required for combustion are mixed 
together in a fan or chamber, and then delivered as a blast around 
the plant. 
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The Reeves burner (or inspirator) system, although compress- 
ing a mixture of gas and air and delivering this mixture as a blast 
around the plant, does not have the disadvantage of carrying an 
explosive mixture, since the blast is composed of only 1 part gas 
-and 2 of air (7.e., outside the limits of inflammability). This 
non-explosive mixture, under a pressure of from 0.5 to 3 lb. per 
sq. in. pressure, passes through the orifice shown in Fig. 97 and 
induces a stream of secondary air which mixes with the gas- 
primary-air mixture in the burner tube. The amount of the 
final complete mixture of gas and air supplied to the furnace is 
controlled by the pressure on the gas-primary-air mixture and the 
final gas-air ratio is adjusted by setting the needle valve to give 
the proper orifice opening. 

The Maxon premix burner, in which gas and air are mixed by 
a fan, is shown in Fig. 98. The admission of air and gas at the 
blower intake is controlled by a single valve, which, when opened 
or closed to change the amount of gas supplied, simultaneously 


= Gasarel Primary Air Mixture 
Fie. 97.—Reeves gas burner. (Industrial Gas Equipment Co.) 


alters the setting of the air shutter, thereby maintaining the 
gas-air ratio essentially constant. The gas and the air are mixed 
by the fan and delivered under slight pressures direct to the fur- 
nace. In most cases no secondary air is used, since all the air 
necessary for combustion is admitted with the gas at the suction 
side of the blower. In certain cases, where the flame is to be used 
in the open, and where no means are provided for slowing down 
the velocity of the gas-air mixture, considerable difficulty may 
be experienced in preventing the flame from blowing away from 
the burner tip. This trouble is remedied (as shown in Fig. 98) 
by supplying a casing, through which several small holes are 
drilled, around the burner tip; a small amount of the gas-air mix- 
ture passes through these holes, is ignited, and burns in the cas- 


ing, and serves as a pilot to keep the main body of the mixture 
burning. 
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With this Syston. Bnd with other systems in which the gas-air 
mixture (requiring no additional secondary air) reaches the fur- 
nace under pressure, the furnace draft need not be relied upon to 
bring in secondary air. The combustion chamber, therefore, 
may be run under a slight (but appreciable) positive pressure and 
combustion conditions will not be disturbed by the opening and 
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Fig. 98.—Maxon premix burner. (Mazon Premix Burner Company.) 


closing of furnace doors. Moreover, with positive pressure in 
the furnace, air leakage is, of course, prevented—an important 
consideration wherever it is necessary to keep a reducing atmos- 
phere in order to prevent any oxidation of the material being 


heated. 
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CHAPTER XII 
THE COMBUSTION OF COAL ON GRATES 


In many furnaces important special conditions are encountered 
which involve exceptional problems of design. Furthermore, 
these special factors vary widely in different industries and opera- 
tions, and to solve them satisfactorily requires a thorough under- 
standing of the fundamental facts concerning the way in which 
coal burns on a furnace grate. 

When green coal is put into a furnace the volatile matter dis- 
tills off, leaving coke on the grate. The volatile matter consists 
essentially of the elementary fuels, gaseous hydrocarbons, and 
CO plus hydrogen. The final products of the combustion of 
these elementary fuels are water and CO, (see Chap. IX). The 
coke left on the grate is partly burned to a mixture of COz2 and 
CO, the CO being burned later to COs. On the fuel bed, there- 
fore, distillation occurs, followed by partial combustion of the 
coke. Over the fuel bed, combustion of the volatile matter 
(methane, hydrogen, CO, tar, etc). takes place, as well as the 
combustion of the CO resulting from the partial combustion 
of the coke. 

The distillation of volatile matter (see Chap. II) begins at 
about 660°F. (350°C.) and is quite rapid at 1300°F. (700°C.), 
the hydrocarbons appearing first, followed by hydrogen and CO 
at the higher temperatures. The approximate heat and mate- 
rial distribution resulting from the distillation of the coal are 
shown in Table LXX. 

That is, the volatile matter, tar, and gas which are distilled off 
carry about 30 per cent of the heat of the coal. Furthermore, 
the coke left behind on the grate is incompletely burned and, as a 
result, from 40 to 60 per cent of the heat in the coal usually is 
developed in the combustion space over the fuel bed. The air 
comes in under the grate and passes up through and partially 
burns the coke to a mixture of CO and CO:. This portion of 
the total air required for combustion is called primary air. ‘The 
extremely important and necessary additional air which must be 
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TABLE LXX 


Heat AND MatertAL DISTRIBUTION ON Coat DISTILLATION 


Per cent of total 


Substance a cents oh heating value of 
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admitted over the fuel bed in order to burn the volatile matter 
and the CO is ealled secondary air. 

There are four distinct zones in the fire bed, as indicated in 
Fig. 99. In the distillation zone at the top of the fuel bed the coal 
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Fria. 99.—Zones in the-fuel bed of a furnace. Primary air enters under the 
grate, and secondary air is admitted over the fuel bed in order to complete 
combustion. 


is separated by destructive distillation into volatile matter and 
coke. Part of the coke thus formed is burned to CO, in the oxida- 
tion zone by the primary air entering at the bottom of the fuel 
bed. The CO, produced by this oxidation travels up through 
the bed and is partly reduced to CO by hot coke in the reduction 
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zone. An ash zone below the oxidation zone protects the grate 
bars from excessive heat. 

The combustion reactions in coal- and coke-fired furnaces have 
been studied by the U. 8. Bureau of Mines!2* and by Audibert# 
in France. The results obtained clearly indicate the importance 
of, and distinction between (1) combustion of coal on the grate 
and (2) combustion in the combustion space. 


COMBUSTION ON THE GRATE 


In the Bureau of Mines investigation,! the apparatus consisted 
of a cylindrical furnace placed on an air-tight ash box, to which 
air was supplied under pressure through an orifice. Several 
water-cooled gas samplers were inserted radially into the furnace 
at different distances above the grate. The grate was in two 
sections and about 1 sq. ft. in area. The fuel was fed through 
the open top of the furnace, and the flue gases allowed to escape 
out a stack. 

Before starting a test the fuel bed was built to the desired 
thickness and the furnace was heated for 20 to 30 min. 
The grate was then shaken and the test started. During a test 
the rate of firing, the thickness of fuel bed, and the rate of air 
supply were kept constant. Fuel was charged in equal quantities 
at intervals of from 1 to 5 min. With high rates of combustion 
charging was frequent and with low rates the intervals were 
longer. The thickness of the fuel bed was measured with a 
specially constructed hook. Four sets of temperatures were 
taken on each test, the measurements being made with an optical 
pyrometer sighted through the openings provided for the gas- 
sampling tubes. Three types of fuels were used in the tests, 
namely, Pittsburgh bituminous coal, anthracite coal, and coke. 
The rate of combustion was varied from 3 to 125 lb. of fuel per 
sq. ft. of grate area per hr., and two thicknesses of fuel bed (6 and 
12 in.) were used. 

Composition of Gases in Fuel Bed.—By analyzing the gases 
within a fuel bed at varying distances from the grate, and plotting 
the per cent of the various gases against the distance from the 
grate in inches, curves similar to Fig. 100 were obtained. The 
actual data vary somewhat from the lines as shown, on account 
of the serious difficulties in obtaining representative gas samples. 
The following conclusions may be drawn: 
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1. Primary Air.—The oxygen present in the primary air (21 
per cent) is consumed rapidly, until at a distance of 3 to 4.5 in. 
above the grate it is practically zero.* The rate of combustion 
of the fuel (i.e., as measured by the disappearance of oxygen) is 
proportional to the amount of oxygen present, that is, very 
rapid at the start, slowing up gradually as the oxygen is consumed. 
CO, only is formed as long as there is much oxygen present, since 
any monoxide which might be produced would immediately be 
burned to the dioxide, 
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Fie. 100.—Composition of the gases within the fuel bed of a coal-fired furnace. 
All the oxygen is consumed at about four inches above the grate. 


2. Formation of COo.—The oxygen goes to form COs, since in 
the initial stages the curve of CO, formation is the exact invert 
of the oxygen disappearance curve. These two curves cross at 
approximately 10.5 per cent O» and 10.5 per cent COs, since in 
the early stages little or no CO is formed. The oxidation of 
carbon to the dioxide takes place mainly in the first 3 to 414 in. 
from the grate.f As soon as much CO, is formed, reduction to 
the monoxide begins, and for this reason the CO, never reaches 

* Except in the case of lignite. With this fuel the oxygen is all consumed 
within 11% to 2 in. from the grate. 

t In this discussion, it is considered that the fuel bed has been cleaned of 


ash. Otherwise the distances from the grate refer to the distance from the 
top of the ash zone. 
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21 per cent (the mani is usually about 16.5 per cent). 
When the CO: content of the gases is high, the reduction of the 
dioxide by hot carbon is rapid and the per cent CO, falls until, 
with a very thick fuel bed, it approaches the value dictated by 
the equilibrium of the reaction C + CO, = 2CO at the tempera- 
ture of the top of the fuel bed. The first 3 to 4.5 in. of a fuel 
bed, therefore, make up the oxidation zone, in which coke is 
oxidized largely to COs. 

3. Formation of CO—Only a very small amount of CO is 
formed until the oxygen is practically all consumed. The per 
cent of CO, is then at its maximum and CO is, therefore, formed 
at arapid rate. At distances further up from the grate the rate 
of CO formation drops, due to the decreased CO: content of the 
gases and to the decrease in temperature. The CO content of 
the gases continues to increase as the distance from the grate 
increases, but never exceeds the composition corresponding to 
the equilibrium of the reaction C + CO, = 2CO for the tempera- 
ture at the top of the fuel bed. With high-capacity, modern 
furnaces the temperature at the top of the fuel bed is so high 
that, as far as equilibrium of this reaction is concerned, all the 
CO, could be reduced to CO. Under these circumstances, how- 
ever, the time of contact between the gases and the hot coke 
is insufficient for complete reduction. That portion of the fuel 
bed above the oxidation zone is, therefore, a reducing zone 
where the CO, formed in the oxidation zone is partially 
reduced by the coke to CO. The thicker the bed the more 
CO is formed. Since the object sought in the combustion 
of coal on a grate is to burn it with oxygen from the air, any 
reduction of CO, to CO is a step backwards. Consequently, the 
fuel bed should be no thicker than is necessary to prevent blow- 
holes. Blowholes are caused by unevenness in the distribution of 
coal on the grate or by anything, such as clinkers, that produces 
uneven resistance to the passage of the primary air up through 
the fuel bed. 

The Effect of Rate of Firing on Gas Composition.—Inasmuch as 
all the oxygen in the air that comes in under the grate and passes 
up through the fuel bed (primary air) is consumed within the 
fuel bed (except, of course, in thin fuel beds with clinkers or 
blowholes), increased rate of firing is brought about by increasing 
the amount and the velocity of the primary. air. A change in 
the rate of firing (7.e., a change in the rate at which the gases 
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pass through the fuel bed) influences the composition of the gases 
at varying distances from the grate as follows: 

1. Oxygen.—It is a very interesting and important fact that 
all the oxygen is always* consumed by the fuel within 3 to 4.5 in. 
from the grate, even if the rate of firing is changed from 3 to 125 
Ib. of fuel per sq. ft. of grate area per hr. In other words, a 
change in rate of firing (or in primary air velocity) does not 
change the position or shape of the oxygen curve in Fig. 100. 
This is because the rate of reaction 

C + O2 = COz (1) 
is limited only by the rate at which oxygen can diffuse through 
the stationary gas film around each carbon particle. The chemi- 
cal rate of reaction between the carbon and the oxygen is so 
much faster than the rate of oxygen diffusion that the latter 
controls the speed of combustion. The rate of oxygen diffusion 
is approximately proportional to the air velocity, since increased 
velocity thins down the stationary surface gas film and, within a 
given time, permits a larger amount of oxygen to diffuse through 
to the carbon surface. Hence, if the velocity is doubled, the 
amount of oxygen diffusing through the stationary film is also 
about doubled and twice the amount of CO: is formed. How- 
ever, since twice the amount of air is present to dilute this COs, 
the composition of the gas in the lower part of the bed remains 
substantially unchanged. 

2. Formation of COz.—Increasing primary air velocity or rate 
of firing brings about no change in the proportion of CQz in the 
gases in the lower part of the fuel bed, since there is no change in 
the rate of oxygen consumption. After the maximum CO, con- 
tent is reached, however, increased velocity slows down the 
“amount per inch”’ reduction of CO» to CO, since this increased 
velocity allows a shorter time of contact between the CO». and 
incandescent carbon. Reaction (2), 

C + CO: = 2CO, (2) 
is a “time reaction” and the amount of CO formed depends on 
the time of contact (temperature and other factors being kept 

* This has also been verified by Guapprne and Entwistix,*® who found 
that with anthracite coal burning at the high rate of 75 Ib. per sq. ft. 
per hr., the oxygen was completely consumed in passing through 3 in. of 
live coals. The U. 8. Bureau of Mines have shown that the oxygen is 
completely consumed in 114 to 2 in. when the fuel is lignite. This is prob- 
ably due to the great increase in actual surface per unit volume of fuel. 
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é 
constant). Hence, with increasing rate of firing (7.e., increasing 
velocity of gases through the fuel bed), after the maximum CO, 
content has been reached, more CO, is present in the upper part 
of the bed, since less time has been allowed for reduction to CO. 

3. Formation of CO.—With increasing rate of firing, less CO 
is formed, or, in other words, less CO, is reduced, since the time 
allowed for reduction of CO, to CO is lessened. There is 
practically no CO in the first 1 or 2 in. of the fuel bed when the pri- 
mary air velocity is higher than that corresponding to 6 lb. of fuel 
being burnt per sq. ft. grate area per hr., although at a distance 
of 1 or 2 in. above the grate CO is present to the extent of about 
2 per cent when the firing rate is as low as 3 Ib. of fuel per sq. ft. 
of grate area per hr. 

Effect of Rate of Firing on Temperature of the Fuel Bed.—The 
effect of increased rate of firing on the temperature of the fuel 
bed (as determined by the Bureau of Mines!:*) in the case of a 
6-in. bed of coke is shown by Table LXXI. 


TABLE LXXI 


Errect oF Rate oF FIRING ON TEMPERATURE OF FUEL BED 


Pounps or Coke FIRED TEMPERATURE 
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A fivefold increase in the rate of firing raises the temperature 
of the top of the fuel bed only 500°F. (275°C.). A part of the 
increased heat developed by combustion of the fuel on the grate 
is carried away as sensible heat in the gases and the remainder 
is lost through radiation to colder bodies, as, for example, a 
steam boiler. Radiation increases as the fourth power of the 
temperature difference 7.e., the heat radiated will be determined 
by [(temperature of the fuel bed)‘ — (temperature of the 
boiler)‘], so only a relatively small temperature rise is necessary 
in order to increase greatly the heat transferred from the fuel bed 
by radiation. 

The fuel-bed temperatures reached with rates of firing below 
20 Ib. of coke per sq. ft. of grate area per hr. correspond to the 
ash-fusing point of class 3* coals (ash-fusing point below DIS0 2S 

* See Chap. II, page 26. 
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or 1249°C.), whereas rates of firing above 50 lb. per sq. ft. per 
hr. require class 1 coals (ash-fusing point above 2600°F., 
or 1427°C.). The extent to which the ash in a coal fuses or 
clinkers depends to a great extent on actual furnace and firing 
conditions, such, for example, as the disturbance of the fuel 
bed, ete. It should be kept in mind that the temperature within 
the fuel bed is greater, as a rule, than the temperature of the 
surface. With thin fuel beds of anthracite coal protected by 
arches, however, the surface may be at the highest temperature. 

Effect of Air Velocity on Rate of Combustion.—It has already 
been pointed out that carbon is consumed by the two reactions: 


C ai Os — CO, (1) 
and C + CO2 = 2CO. (2) 


If only the first reaction took place, then the rate of feeding 
primary air and the rate of combustion would be exactly the same, 
since the extent to which reaction (1) progresses is dependent on 
diffusion of oxygen to the fuel. However, the extent to which 
reaction (2) proceeds depends on the time of contact between 
the carbon dioxide and the fuel. Consequently, this second 
reaction takes place to a lesser extent when the air passes through 
the fuel bed at higher velocities. Table LX XII gives the pounds 
of primary air per lb, of coal consumed at different rates of 
firing. 
TABLE LXXII 


Errsect oF Atk VELOCITY ON RATE oF CoMBUSTION 


Pounps AIR THROUGH 
FurEL Brep PER 


Rate or Firine, Potnp Coau 
Pounps Coat pmr Hk. FIRED 
OSB in land GSR la hieeet paeberere <a eka for Ate Rie eee ee eee ee 6.5 
ALT Dis hs 3 ing Sec an Ee ae Re oe fi beh DR nee ee 6.0 
TO), we SuShoc ste alerausepeitebehe de ee ee ies hae ey ee Gaul 
LOB Oe cacay Sarg coment Sats AUR Since: Peete Ce nae ee an 5.9 
7s Oe a ee ta Ae CARP AR TGR AROS be ord OR 6.2 


The above data, which were obtained by the U. S. Bureau of 
Mines, using Pittsburgh bituminous coal, show conclusively that 
the amount of coal burned or the capacity of a furnace depends 
wholly on the amount of primary air coming into the furnace 
under the grate. 

Audibert’s Experiments.—It is well known that the gas veloci- 
ties around the edges of a circular grate are much higher than the 
velocities at the center, and that the reactions are not so far ad- 
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vanced at the edges ua they are at the center (where the Bureau of 
Mines! gas samples were taken). In an attempt to determine the 
average composition of the gases rising from the top of a fuel bed 
(taking edge leakage into account), Audibert! carried out a 
number of experiments, using coke as a fuel, with the results 
outlined below. 

The apparatus used was rectangular grate 3.3 by 1.65 ft., 
built at one end of a horizontal cylindrical combustion chamber 
about 30 in. in diameter and about 30 ft. long with a stack at 
the opposite end. The stack served merely to carry away the 
gases, since the air necessary for combustion was forced in under 
the grate by a fan. Therefore in these experiments no secondary 
air was admitted. 

It was found that, with constant air supply, the pressure drop 
between the ash pit and the fire box, the gas temperature, and 
the gas composition varied as combustion proceeded. The 
variation depended on the time between charges and the method 
of cleaning fires. The gas temperature rose regularly to a maxi- 
mum (corresponding to heating the brickwork), remained con- 
stant for a few minutes, and then began to fall as blowholes in 
the fuel bed allowed the admission of greater amounts of excess 
air. 

The method of operation was to hold the air supply constant, 
bring the fuel bed to a given thickness, and measure 
the temperature carefully. When the temperature began 
to drop, the door was opened, the grate cleaned, and fresh 
fuel charged. Under these conditions the interval between firings 
remained constant for given values of amount of air supplied, 
coke size, and thickness of fuel bed. 

Gas samples taken at intervals during a firing period almost 
always contained COs, Oz, and CO in addition to No. The 
coexistence of CO and Oy» shows that under these conditions, even 
with coke, the combustion is not necessarily completed on the 
grate, since unconsumed oxygen (excess air) can leak around the 
edges of the grate or through holes in the fuel bed. 

The gas at any instant during the interval between firings may 
be represented by a point having the time as abscissa and, as 
an ordinate, the per cent Oz if oxidizing and half the per cent CO 
(negative) if reducing. Thus the distance above the zero line 
represents the number of volumes of O2 which must be subtracted 
per 100 volumes of flue gas to get complete combustion without 
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excess air. The distance below the zero line represents the 
number of volumes of oxygen that must be added per 100 volumes 
of flue gas to get complete combustion without excess air. Fig- 
ure 101 shows how the gases vary in composition during a firing 
period. 

The gas composition is represented by a series of U-shaped 
curves, which either are entirely above the zero-oxygen line or 
cut it in two points. The decrease in excess oxygen represented 
by the sloping curves to the left of the minimum point is due to 
the more rapid combustion resulting from the temperature 


: 


2 per !00 Volumes Flue Gas 


Volumes of Excess 0 


Dol, ee Same, poe le Rane 
Timein Minutes Since Door Was Closed 


Fie. 101.—Change in the composition of gases arising from a 6 in. fuel bed of 
1 in. diameter coke. 


increase during the first part of the interval between firings. As 
combustion proceeds, however, blowholes form in the fuel bed, 
more air leaks through, and the oxygen content of the flue gases 
increases, as shown by the portion of the curves to the right of 
the minimum point. Three types of operation may be distin- 
guished: (a) the oxidizing type, in which there is always an excess 
of oxygen (7.e., the entire curve is above the zero-oxygen line as in 
curve 1, Fig. 101); (6), the “reducing type,” in which the curve, 
although above the zero-oxygen line at the start, later becomes 
reducing (7.¢., the gas contains CO); and (c) a type in which the 
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curve at its minimifm is tangent to the zero-oxygen line, as in 
curve 2, Fig. 101. In a firing period in which the gas composi- 
tion may be represented by a curve of the third type there is less 
potential heat loss (CO) than in the reducing type (if no sec- 
ondary air is admitted), and there is less sensible heat loss (excess 
air) than in the oxidizing type. However, since in all industrial 
furnaces secondary air is admitted, there is a given curve of the 
reducing type (with proper regulation of the secondary air supply), 
which represents the best operating conditions. 

From Audibert’s work it is possible to draw several conclu- 
sions to supplement those resulting from the U. 8. Bureau of 
Mines investigation. These supplementary conclusions, dealing 
with the operation of a coke-charged fixed grate supplied with a 
constant amount of air, may be summarized as follows: 

1. Air leakage around the edges of the grate and through holes 
in the fuel bed is of great importance. Thus, although all the 
oxygen may be removed from the primary air passing up through 
the center of the grate, air leakage may cause the gases at the 
top of the fuel bed to contain considerable oxygen. 

2. In any event, the gases rising from the top of the fuel bed 
are rich in CO, and the total heat of the coke can be recovered 
only by subsequent combustion of CO over the grate. This 
secondary combustion may be effected either by excess oxygen in 
the gases coming up through blowholes or around the edges of 
the fuel bed, or, more usually, by the use of secondary air admit- 
ted over the fuel bed. 

3. The quantity of air required to give continuously a gas 
containing oxygen over the fuel bed (with no secondary air) 
varies directly with the thickness of the fuel bed and inversely 
with the size of coke. 

4. To maintain efficient combustion and keep the gases at 
their highest possible temperature, the coke must be fed at short 
intervals. These intervals must be shorter when the combustion 
rate is high and when the coke is small 
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As pointed out in the early part of this chapter, from 40 to 60 
per cent of the total heat in the coal remains as unburned gases 
rising from the top of the fuel bed. This unconsumed fuel is 
partly the volatile constituents of the coal (hydrocarbons, Co, 
Hz, soot) and is partly CO formed within the fuel bed itself. 
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This is well illustrated! by Fig. 102, which shows the composi- 
tion of gases in the fuel bed and in the combustion space. At 
the top of the fuel bed it will be seen that the gases are very 
rich in combustible matter. Then, as secondary air is admitted, 
the combustible gases burn as they traverse the combustion 
space. When the end of the combustion space has been reached 
most of the combustible matter has been consumed. 

From the discussion of combustion on the grate it is to be noted 
that all the oxygen in the primary air is completely consumed 
(except for blowholes and edge leakage) in passing through a 
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Fic. 102.—Composition of gases in the fuel-bed and combustion space of a coal- 

fired furnace. 
fuel bed of 5 in. or over. Therefore, the capacity of a coal-fired 
furnace or the amount of fuel burned per hr. depends wholly on 
the amount of primary air supplied. From this it follows that if 
there is any excess air in the exit gases from a furnace this excess 
air usually comes in as secondary air through openings over the 
fuel bed. These openings are usually in the fire door or along 
the sides of the fuel bed and just over it. Oftentimes, however, 
the excess air gets in through thin cracks in the furnace walls 
and excess air from this source is of no benefit; in fact, such 
leakage greatly lowers the furnace efficiency. Therefore, the 
amount, distribution, and turbulence of the secondary air determines 
the efficiency of the furnace. These facts may be summarized as 
follows: 


IXIND OF ATR Source Factor AFFECTED 
1. Primary Under the fuel bed Capacity of the furnace, pounds of 
coal burned per hr. 
2. Secondary Over the fuel bed Efficiency with which the fuel is 


burned 
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To supplement our general knowledge of gaseous combustion 
(see Chap. XI) we have considerable quantitative data con- 
cerning the combustion of gaseous fuels in the space above the 
fuel bed of a furnace, the results being mainly from experimental 
work conducted by the U. S. Bureau of Mines.** The tests 
were carried on in a furnace having a combustion chamber about 
40 ft. long and of nearly constant cross-section. The furnace was 
fed by a standard Murphy stoker and the hot flue gases were 
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: Fie. 103.—Section through Murphy stoker used in the Bureau of Mines 
investigation, showing construction of arch and method of admitting primary and 
secondary air. 


passed from the further end of the long combustion ‘chamber 
through a Heine boiler. Air was supplied under pressure, both 
under the grate and over the fuel bed, an exhaust fan in the stack 
being used merely to give a sufficient reduction of pressure at the 
discharge end of the furnace. In each experiment gas samples 
and temperatures were taken at intervals of about 5 ft. along, 
the combustion space. The coal was carefully weighed. 

The combustion space was essentially a long, straight, brick 
tunnel 3 by 3 ft. in cross-section, having at one end the Murphy 
stoker with 25 sq- ft. of projected grate area. Two sections 
through the stoker are shown in Fig. 103. The primary air 
A, was admitted under the grate and the secondary air A; was 
admitted through a series of tuyéres over the fuel bed. The hot 
gases rising from the fuel bed met the incoming secondary air 
and quite rapid mixing resulted, as indicated by the arrows. 


*The subsequent discussion is based entirely om the findings of the 
Bureau of Mines and to a large extent is modeled on the matter contained 
in Bull. 135. Certain changes (as indicated in the text) have been made to 
permit the application of these data to ordinary industrial practice. 
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Following this mixing, the gas passed into the long combustion 
space. 

During each test the thickness of fuel bed, the rate of firing, 
and the air supply were kept as nearly constant as possible. 
Three coals were used in the tests, namely, Pocahontas, Pitts- 
burgh, and Illinois coal. The composition and the heating value 
of each coal are given in the Table LX XIII. 


TABLE LXXIII 


ANALYSES OF Coats UsEep In Bureau or Mines TEsts 


Per cent 


Pocahontas | Pittsburgh Tilinois 


(a) Proximate analysis (as re- 


ceived) 

MOTRIN, sun00000 ad om 05 DeD4 pu sel 16.16 
Volatilemmavietu. eee 15.78 30.28 34.09 
Hixedicarbone, es eee. 71.65 56.82 39.19 
Ash BOWS Oak oct ees: 10.36 10.39 10.56 
100.00 100.00 100.00 

(b) Ultimate analysis (dry basis), 
Hydrogen, S..2 nc. tr. oe: 5s 3.92 4.82 4.66 
(Car OTe an cpa eee re 80.90 76.57 69.63 
INICLOP CM nt rato 1.06 1.55 1.49 
Oxy gente int Pec taeee oe 2.97 4.99 9.55 
SW Urey pee eee ie ee 0.56 1.41 2.08 
TA SHE 28 Ae Sete: Rept Werte 10.59 10.66 12.59 
100.00 100.00 100.00 

(c) Heating value as received 
(Baiusperllbs)iee centers. 13 , 762 13 ,365 10,433 


a 


Variations Affecting Data.—In spite of the precautions taken 
to insure uniformity, considerable variations occurred during the 
tests. The greatest difficulty was encountered in obtaining 
representative gas samples. There is considerable tendency for 
stratification of gases through any combustion space, in spite 
of the whirling of the gases indicated in Fig. 103. This strati- 
fication continues for some distance beyond the fuel bed and it 
was found very difficult to obtain an average gas sample. 
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Other variables witioh affected the results were the complete- 
ness and the rapidity with which combustible gas and air mixed. 
With good mixing combustion is rapid and with poor mixing the 
process may be very slow. This is one of the major factors in 
determining the completeness of combustion in a given combus- 
tion space. Mixing of gas and air in the Bureau of Mines fur- 
nace was more rapid than is ordinarily obtained in practice. 
This must be borne in mind in adapting their results to problems 
of design. 

The ratio of length of flame travel to volume of combustion 
space is also an important variable, and in the Bureau of Mines 
investigation this ratio was much greater than is customary in 
the average furnace, That is, the length of gas travel, and the 
consequent time for mixing and interaction of a given volume of 
gas and air, was greater than is usually possible. Furthermore, 
the most active portion of the fuel bed was kept at a high tem- 
perature because so little of it was ‘‘in sight”’ of the distant boiler. 
This has a decided tendency to speed up combustion. 

In spite of these variations from practical conditions, the data 
are the only quantitative measure we have concerning the rela- 
tive importance of the various factors that affect combustion 
of the unburned fuel over the fuel bed of a furnace, and, as will 
be shown later, the data are of considerable value in problems 
of furnace design. 

General Conditions.—The progress of combustion over the 
furnace grate is shown in Fig. 104, in which the composition 
of the gases is plotted at various distances from the grate. The 
ordinates are the percentages of the various constituents and 
the abscissae show both the volume of combustion space up to 
the point at which the gas is sampled and the length of path of 
gas travel. 

The curves show that the gases leaving the surface of the fuel bed 
contain over 25 per cent (ordinarily between 25 and 40 per cent) of 
combustible gases, which represents from 40 to 60 per cent of the 
total heat of the coal. No oxygen should come through the fuel 
bed except around the edges or through blowholes, and, due to 
the difficulty of getting air to flow down against the rising stream 
of hot gases, very little air comes to the top of the bed. Also 
at this point the gases are very hot and any oxygen present is 
rapidly converted into CO,. Thus, in Fig. 104, although the 
secondary air is admitted just over the fuel bed, the per cent of 
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oxygen in the gases does not increase very rapidly. The CO 
curve falls very rapidly, however, and the CO, curve rises 
very rapidly, showing that the combustion is rapid even 
though the concentration of oxygen is low. As the gases pass 
away from the fuel bed the combustion slows down, and, in the 
particular test shown in Fig. 104, the combustion was practically 
complete at a distance of 1314 ft. from the grate. 


30 a i eed ae 600 


| 


fac) 
on 


0 ff /22/2A 


— 


rm 
io) 
bass 
quo) F 
| 


n 


Ga 
3 


oO 
= 
| 
S 


Relative Velocity of Combustion of CO 


Percentage of Gases by Volume 


Boe 
; 6 <n? c 
ve 
at 
Fale 
IS 
| 
| 
p } 


0 

0 50 100 |) 150 200 1 P50 300 CuFt 
Ss ee ep 185 BBS 283 335. “Feet 
ee A sgg8 C D E F G Section 
BE 

°o 


Fig. 104.—Composition of furnace gases at various distances above the fuel 
bed. Coal used, Pittsburgh screenings; rate of combustion, 35.6 lb. per sq. 
ft. per hr.; sampling period, 20 minutes. 


Size of Combustion Space Required.—The combustion of gases 
over the fuel bed of a furnace can best be taken up by studying 
the size of combustion space required under different conditions. 
It has already been shown that secondary air comes in over the 
grate, and burns the combustible gases, that primary air con- 
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trols only the rate af burning, and that secondary air controls the 
efficiency of combustion. 

The length or volume of the combustion space required 
depends on four main factors: 

1. The amount of excess air used. 

2. The rate of combustion, 7.e., the pounds of fuel burned 
per sq. ft. of grate area per hr. 

3. The completeness of combustion desired, 7.e., the amount 
of undeveloped heat,* as CO, that goes out the stack. 

4. The kind of coal being fired. 

There are, of course, factors of construction, such as the effi- 
ciency of mixing the unburned gases and air (an important factor 
in maintaining efficient combustion), the relation of length of 
combustion space to its volume, and the like, but for a given 
style of furnace the four factors outlined above are of the most 
importance. 

A study of the way in which each of these four factors affects 
the size of combustion space affords a good quantitative method 
of studying the combustion of the unburned gases over a fuel bed. 


SIZE OF COMBUSTION SPACE REQUIRED FOR ANY DESIRED 
COMPLETENESS OF COMBUSTION, RATE OF FIRING, AND 
EXCESS OF AIR 


The relation between the required size of combustion space and 
any given rate of firing, per cent excess air, and completeness of 
combustion is given in Figs. 105 and 106. Each of these figures 
gives the relationship for two of the coals tested by the U.S. 
Bureau of Mines. The curves to the left of the heavy vertical 
line dividing Fig. 105 into two equal parts represent Illinois coal, 
and those to the right represent Pocahontas coal. Each half 
of the figure contains seven groups of curves, each group represent- 
ing one degree of completeness of combustion, and each curve in 
any one group represents one percentage of excess air. Hach 
group is a complete figure in itself, having for ordinates rates 
of firing ranging from 20 to 60 Ib., and as abscissae the size of 
combustion space, which is given in three scales at the bottom. 
Reading from top to bottom, the first of these scales gives the 
volume of the combustion space in cubic feet; the second gives 

* Undeveloped heat signifies the heat lost due to unburned CO in the 
flue gases. The amount of undeveloped heat is usually expressed as a 
percentage of the heating value of the coal. 
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the ratio of the volume of combustion space in cubic feet to the 
area of the grate in square feet (hereafter, this will be referred to as 


V : : 
the ratio of volume to area, ory); the third scale gives the 
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Fie. 105.—Results of tests with Illinois and Pocahontas coal showing relation 
between the required size of combustion space, a given completeness of combus- 
tion, the rate of firing, and the percentage of excess air. Curves on the left are 
for Illinois coal; those on the right for Pocahontas coal. Figure on each curve 
indicates percentage of excess air; figures at left margin opposite each group of 
curves indicates percentage of undeveloped heat and rate of combustion. Fig- 
ures at the bottom indicate volume of combustion space, ratio of volume of 
combustion space to grate area and length of path of gas travel. 


average length of the path of gas travel from the top of the fuel 
bed in feet. 


The amount of undeveloped heat is expressed as a percentage of 
the heating value of the coal; that is, the heat in the unburned, 
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A oe 
combustible gas is so many per cent of the total heating value of 
the coal. In calculating this value, each of the combustible con- 
stituents of the gases was weighted on the basis of its heating 
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Fia. 106.—Results of tests with Pittsburgh run-of-mine and Pittsburgh 
screenings showing relation between the required size of combustion space, a 
given completeness of combustion, the rate of firing, and the percentage of excess 
air. Curves on the left are for run-of-mine coal; those on the right, for screenings. 
Figure on each curve indicates percentage of excess air. Figures at left margin 
opposite each group of curves indicate percentage of undeveloped heat and rate of 
combustion. Figures at the bottom indicate volume of combustion space, 
ratio of volume of combustion space to grate area and length of path of gas 
travel. 


value. The unsaturated hydrocarbons were considered as ethyl- 
ene (C.H,). The general formula used’ was as follows: 


_ (CO X 12 X 10,000 +CH:s X 16 X 23,500 + Hz X 62,000 + C2Hi X 28 X 21,300 
H= Gree + CO + CH: + 2C2Hs) xX Heating Value of Moisture- and Agh-free Coal] 
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The term H is the undeveloped heat of the combustible gases in 
the furnace as a per cent of the total heating value of the coal 
(on a moisture- and ash-free basis) in B.t.u. per lb. C equals the 
per cent of carbon in the moisture- and ash-free coal. The terms 
CO2, CO, CH, Hs, and C,H, are the percentages of the respective 
gases as determined by volumetric analysis. The value of H as 
calculated in this way is slightly in error (probably not over 5 per 
cent), since heat in soot and tar rising from the fuel bed is not 
taken into account. The correct value is approached as tar and 
soot disappear from the furnace gases. 

The Bureau of Mines experiments were run in a furnace which 
gave exceptionally rapid mixing of the combustible gases and the 
secondary air admitted over the fuel bed. Furthermore, a long 
flue (40 ft.) permitted the process of mixing and combustion to 
extend over a considerable distance. Thus the furnace was hot 
and the gases were not cooled until practically complete com- 
bustion had taken place. Therefore, the percentages of excess 
air found for a given completeness of combustion were lower than 
those usually required in the ordinary furnace. 

For these reasons, after using the data in Figs. 105 and 106 in 
problems of furnace design, the calculated per cent of excess air 
to meet a given set of conditions should be increased by a suitable 
factor of safety. The actual factor of safety employed depends 
on the extent to which the furnace combustion space under con- 
sideration deviates from the construction of the Bureau of Mines 
furnace. Usually a factor of safety of 1.5 to 2.2 must be used. 
For example, if the Bureau of Mines data indicate that 20 per 
cent excess air is sufficient to give a certain per cent of undevel- 
oped heat under definite conditions, it will usually be found 
necessary to multiply this by a factor of safety varying from 1.5 
to 2.2. In other words, in practice, about 40 per cent excess air 
would be required to give the specified undeveloped heat loss. 
All the data in the tables of this chapter (except those in the 
example at the end of the chapter) are based on the direct data 
of the U. 8. Bureau of Mines without using any factor of 
safety. 

The curves are drawn as straight lines since only two points 
were determined for each condition, the points being partly 
obtained by averaging and partly by interpolation. The curves 
are approximate within perhaps 10 to 20 per cent. Since the 
range takes in the rates of combustion used in both large and small 
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power stations, they are of considerable practical importance in 
furnace design for the determination of size of combustion space 
when other conditions are given. The figures given for the first 
three coals are more accurate than those obtained with Pitts- 
burgh screenings, since not enough runs were made with the 
latter to insure reliable points. 

Size of Combustion Space as Affected by Excess Air.—The 
way in which the size of combustion space is affected by the 
amount of excess air is well shown by Figs. 105 and 106. From 
the plots it can be seen that, for any given degree of completeness 
of combustion, the size of combustion space decreases with 
increase in excess air. With very low excess air, complete com- 
bustion in direct coal-fired furnaces can be obtained only with 
great difficulty. This is well illustrated by taking a specific 
example. Suppose a furnace is firing an Illinois coal at a constant 
rate of 40 lb. per sq. ft. of grate area per hr. and the amount of 
undeveloped heat going out the stack is 3 per cent, then, reading 
from the left-hand side of Fig. 105, the results shown in Table 
LXXIV are obtained. 


TABLE LXXIV 


Errect oF Excess AIR ON SIZE OF COMBUSTION SPACE 


Tue Fottow1nc VoLuME 
or COMBUSTION SPACE PER 
Se. Fr. or GRATE AREA 
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Equa. TO, PER CENT A 
UO eer ee etter cele crre ee ee et aye ch eis dey igs G ana et ty Re yraes re 11.0 
Ze ae Te iy A Wey eo) <firascegaiea ia: oS eEalnay di o:hnige, ete er eet ifotsh 
PEW eS SR OR von Wah FA der TS ORT RCE ee NRC ee Oa 5.0 
TRBE oak dec Resco Oho CIT SO” RONEN CER MOR ROL ace 3.8 


This clearly shows that with low excess air a large ratio of volume 
of combustion space to grate area (7.e., large combustion space) 
is required, even for a relatively large loss of undeveloped heat 
(unburned fuel). : 

Size of Combustion Space as Affected by Rate of Combus- 
tion.—The way in which the size of combustion space is affected 
by the rate of combustion may be shown by further reference to 
Fig. 105. Suppose it is desired to fire a furnace with Illinois coal, 
using 80 per cent excess air and allowing only 0.5 per cent of 
undeveloped heat to escape from the stack. The results are 
shown in Table LX XV, 
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TABLE LXXV 


Errect or RATE oF COMBUSTION ON SIZE OF COMBUSTION SPACE 


Tuer Fotuowine VOLUME 


oF COMBUSTION SPACE PER 
JON oe dines re Se. he oF GRATE AREA 
Poulips Cox-ean Sa (4) Is Requrrep 
DO sho Bre ep eRe ete we ig a eee ee Re ee re 6.5 
21 ORE Eni ee ny I SRE rere aaa. os chs oie 8.0 
C6 Na eed pM ced aera eat AU ne ND ied eee agri aes aN 10.0 
Oe eRe ca tate ED cancatistkad creuc ee or cian ists apeRiee ete ther atin ee 12.0 


Table LX XV shows that increasing the rate of firing two and 
one half times has less than doubled the ratio of volume to area. 
Thus with harder forcing, each cubic foot of combustion space is 
relatively more effective. This would be expected from the dis- 
cussion in the first part of the chapter, in which it was pointed 
out that, with increased rate of firing (and consequent increased 
primary air velocity), less CO is formed in the fuel bed. Further- 
more, the higher temperature and the greater gas velocity and 
turbulence due to increased rates of firing all tend to promote 
better combustion. 

Size of Combustion Space as Affected by Completeness of 
Combustion.—To illustrate the way in which the size of combus- 
tion space is affected by the degree of completeness of combustion 
desired, suppose an Illinois coal is being fired at the rate of 40 
lb. per sq. ft. of grate area per hr., and the excess air is being kept 
constant at 80 per cent. Then, reading from Fig. 105, the values 
shown in Table LX XVI are obtained. 


TABLE LXXVI 
EFFECT OF COMPLETENESS OF COMBUSTION ON SIZE OF COMBUSTION SPACE 


Tue FoLttowine VoLuME 
OF COMBUSTION SPACE PER 


Wirr THY PER Cent Sa. fe or GRATE AREA 
User eee é G) Is REQUIRED 
1 ett area eee eres ae emesis SAG! 4a eco oc 2.8 
OM 2603 ioialies sl od sea LkdgPNW pone Pen okt eka eae 4.0 
EP RE COE A NARS HOM SIE case Cee yy Annis 5 2 ils 5.0 
LATS eT RPM ee TR SSS OH CLE Soe as oe De!) 
Ra erre MD ots aes en Pe Teo on ace wae Sane 7.8 
Os Dra © sgsagat es pole sm osc UR nSRe eR ae) Cree ee ee See ee 10.0 


Thus, for a given rate of firing and excess air, the loss of undevel- 


oped heat must be relatively large in a furnace having a small 
combustion space 
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Size of Combustfon Space as Affected by Quality of Coal.— 
It is known that coals of different compositions burn with differ- 
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Fic. 107.—Relation between volatile matter of coal and size of combustion 
space required. Upper group shows relation between the size of required com- 
bustion space and the percentage of volatile matter; lower group shows relation 
between the size of required combustion space and the quality of the volatile 
matter as shown by the ratio of volatile carbon to available hydrogen. Figure 
near each curve indicates percentage of heat not developed, owing to incomplete 
combustion. In all tests the rate of combustion is 50 pounds and the excess of 


air 50 per cent. 


ent efficiencies in a combustion space of a given size and shape. 
The characteristics of a coal that are most likely to affect the size 


396 FUELS AND THEIR COMBUSTION 


of the combustion space are the quantity and the quality of the 
volatile matter. 

1. Quantity of Volatile Matter —Coals with high percentages of 
volatile matter require more combustion space than coals con- 
taining a low percentage of volatile matter. The relation 
between the per cent of volatile matter and the size of combus- 
tion space for the three coals studied by the Bureau of Mines 
is shown in the upper part of Fig. 107. The small figures on 
each curve, 1 to 5 inclusive, show the per cent of undeveloped heat 
(CO). The volume of combustion space required is not propor- 
tional to the volatile matter. For example, the Pittsburgh coal 
(85 per cent V. M.) and the Pocahontas coal (18 per cent 
V. M.) differ greatly in per cent volatile matter, but the 
change in volume of combustion space per sq. ft. of grate area 


Vee E by 
Z 3 comparatively small. This is also shown by the change 


in combustion space required when the rate of combustion 
is changed. Doubling the rate of firing would cause double 
the amount of volatile matter to be produced. Doubling the 
rate of firing, however, does not double the size of the combus- 
tion space required to give the same completeness of combustion 
with the same excess air. This is shown by Table LXXVII. 


TABLE LXXVII 
Errrecr or QUANTITY OF VOLATILE MATTER ON S1zE OF ComMBUSTION SPACE 


Ratio of volume of combustion space 
(cubic feet) to grate area (square 


Rate of com- feet) with 50 per cent excess air 


Per cent undevel- |bustion, pounds 


oped heat per sq. ft. per 
hr. Pocahontas | Pittsburgh Illinois 
coal coal. coal 
3) 50 2.70 2.9 4.3 
25 2.0 2.2 3.5 
3 50 3.2 Oe 5.3 
3 25 2.3 2.0 4.4 


Thus, for a given coal to burn the double quantity of volatile 
matter which results from a doubled combustion rate with the 
Same excess air and completeness of combustion requires an 
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increase in the size oe combustion space in the above case, of less 
than 30 per cent. 

2. Effect of Quality of the Volatile Matter—The quality of the 
volatile matter of a coal may be expressed as the ratio of volatile 
carbon to available hydrogen, * 7.e., 


Per Cent Total Carbon — Per Cent Fixed Carbon 
Per Cent Hz Content of Moisture- and Ash-free Coal — 1 Per Cent Oxygen Content 


The ratio of required size of combustion space to grate area is 
plotted against this factor in the lower part of Fig. 107. The 
figure shows that the Pittsburgh coal contains about twice as much 
volatile carbon and the Illinois coal nearly three times as much 
volatile carbon as the Pocahontas coal. In burning Pocahontas 
coal (which has alow ratio) the volatile matter is probably distilled 
off as light, fixed gases which are readily burned in the combustion 
space. The proportionality between this factor and the size of 
combustion space required is not good, and should not be used in 
attempting to determine the size of combustion space with a coal 
other than those tested by the Bureau of Mines. In Fig. 107 
it will be seen that there is a marked change in slope as the com- 
pleteness of combustion is changed, and that it is practically 
impossible to burn Illinois coal with small percentages of heat 
lost from the stack as undeveloped heat unless the combustion 
space is very large. 

3. Combined Effect of Quality and Quantity of Volatile Matter. — 
Figure 107 shows that both the quantity and the quality of the 
volatile matter influence the burning of a coal in a similar manner. 
Therefore it appears probable that the quality and quantity 
each affect the volume of combustion space required. The prod- 


Volatile Matt Volatile Carbon ) 
uct of these factors ( olatile atter Aeallanie He arocen 


is plotted against the ratio of a required size of combustion space 
to grate area in the top of Fig. 108. Each curve shows the rela- 
tion between the size of combustion space and the above factor 
for the degrees of undeveloped heat indicated on the curves. 

* If the value of this ratio is low, the volatile matter contains considerable 
quantities of hydrocarbons which are saturated (such as the paraffins, 
CnHony2) or which are only slightly unsaturated (such as the olefines, 
C,H2,). When the ratio is high, on the other hand, the volatile matter is 
rich in unsaturated hydrocarbons (7.e., less hydrogen is present in proportion 
to the carbon than with the paraffins). Unsaturated hydrocarbons usually 
decompose thermally or deposit soot more easily than the saturated 
hydrocarbons. 


358 FUELS AND THEIR COMBUSTION 


rm 
oO 
cS 


~m 
= 
<—) 


= 


BB Gi 
(== J 


oT 
Oo 


Pocahontas 


Product of Volatile Combustible Times theRatio 
of Volatile Carbon to Available Hydrogen 


Oo 


a 


Dhhors Coal 
=i 


per cent 
>) 


Ms) 


_ Pittsburgh 


Pocahontas 


Oxygen in Moisture and 
Ash Free Coal 
on 


0 
Dhnors Coal 
mee! 
% 
0.10 a 


Pittsburgh 


Oo 
a 
Sal 


— 


Pocahontas 
ft f= 


Ratio of Oxygen to Total Carbon 


(=) 


la 2 a Sy Se GAs Ste ee aa 


Ratio of Combustion Space to Grate Area, 
Cubic Feet per Square Foot of Grate Area 


Fra. 108.—Relation between size of combustion space required and the chemi- 
cal properties of three coals. The upper group of curves has for its ordinates 
the product of the percentage of volatile matter times the ratio of volatile carbon 
to available hydrogen; the middle group, the percentages of oxygen in ‘‘ moisture 
and ash free’’ coal; and the lower group, the ratio of total carbon to oxygen in 
“moisture and ash free’’ coal. All three groups have a common abscissa, the 
ratio of the combustion space to grate area. Figure near each curve indicates 
percentage of heat not developed, owing to incomplete combustion. In all 
tests the rate of combusion is 50 pounds and the excess of air 50 per cent. 


oOo 
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¢ 
The size of combustion space per sq. ft. of grate area (4) 


is very nearly proportional to this factor, particularly under 
circumstances where combustion is practically complete, as 
indicated by the fact that the curves in Fig. 108 are nearly 
straight lines. 

4, Oxygen Content of Coal as an Indication of Burning Quality — 
The effect of oxygen on the heating value and coking properties 
of coal has been pointed out in Chap. II, and the oxygen content 
in moisture- and ash-free coal has been considered as a possible 
indication of the burning quality. This factor is plotted against 
the ratio of required size of combustion space to grate area in the 
curves in the center of Fig. 108. Curves are drawn for 1, 2, 3, and 
5 per cent undeveloped heat. From the figure it can be seen 
that the proportionality between the per cent of oxygen in the 


r+ 


coal and the required-size combustion space (G) is much better 


than in the preceding plots. The oxygen content of coal is, 
therefore, useful as an indication of the burning quality of a coal; 
coals with low oxygen contents do not require as large a combus- 
tion space as the higher-oxygen coals. 

5. Ratio of Oxygen to Total Carbon.—Another factor which 
indicates the burning quality is shown in the lower set of curves 
in Fig. 108. ‘The ratio of oxygen content to the total carbon 
(both in moisture- and ash-free coal) is plotted against the ratio 
of required size of combustion space to grate area required to 
give a definite loss of undeveloped heat, other factors being kept 
constant. Thus, if from the tests of the three coals used by the 
Bureau of Mines, carried out with the same rate of firing and the 
same completeness of combustion, the ratios of required com- 
bustion space to grate area are plotted as ordinates against the 
ratios of oxygen to total carbon as abscissae, it is found that the 
proportionality between this factor and the size of the combus- 
tion space is good and the lines connecting the points for the three 
coals will be nearly straight. This relationship is also useful in 
judging a coal for furnace design. 

Summary of Coal Quality Factors —In designing a furnace for 
burning a given coal, equal weight should be given to the three 
Volatile Carbon ): 

Available Hydrogen/ 


following factors: (1) Volatile Matter X< ( 
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(2) oxygen content of moisture- and ash-free coal, and (3) the 
ratio of oxygen to total carbon. For example, suppose it is 
desired to design a furnace for burning each of the coals given in 
Table LXXVIII, with 2 per cent undeveloped heat, when the 
rate of firing is 50 Ib. per sq. ft. grate area per hr. and the excess 
air is maintained at 50 per cent. 


TABLE LXXVIII 


ANALYSES OF THREE GIVEN Coats AND Factors INFLUENCING THEIR 
BURNING QUALITIES 


New Vitginia New River 
Mexico (W. Va.) 
coal, 

coal, uaroent coal, 

per cent per cent 
i vloisture: (as received) s+ sees anes es ase 11.90 3.37 1.85 
2. Volatile matter (as received).............-..... 37.85 33.75 20.31 
3. Fixed. carbon (as meceived)icco.c- er. cies ssi oe 41.57 56.41 73.87 
4. Aishii(as OCCT VEG) icceate ous outhie ete are othe heea. om wiles 8.68 6.47 3.95 
5. Carbon (moisture- and ash-free basis)............| 78.48 84.70 88.50 
6. Hydrogen (moisture- and ash-free basis).......... 5.52 5.32 5.02 
7. Oxygen (moisture- and ash-free basis)............} 14.02 7.53 4.28 
8. Nitrogen (moisture- and ash-free basis)......... 1.28 1.55 150 
9. Sulfur (moisture- and ash-free basis)............. 0.70 0.90 0.65 
10. Volatile matter (moisture- and ash-free basis)..... 47.6 37.5 21.55 
11. Fixed carbon (moisture- and ash-free basis)....... 52.4 62.5 78.45 
12. Volatile carbon + available Ho................. 6.9 Bal 2.24 

Us Thine OSC line We... ero.m ness geae bce svetoahe Oltcels ake 327 191 48.3 
A EAMG 7 -rem UTR Gs e. Scyae: ies fave § cugat Shakes eh slay Soe Kar SuNIS eto Scsun sis 0.178 0.089 0.049 
15. Heating value (as received), B.t.u............... 13,762 13,365 10,433 


By the use of the three factors in lines 7, 13, and 14, and Fig. 
108, it is possible to approximate the size of combustion space 
required. Thus, with the New Mexico coal the per cent oxygen 
is 14.02 and the point on the prolonged curve for 2 per cent 
undeveloped heat in the center of Fig. 108 shows the size of 
combustion space required is 7.4 cu. ft. for each square foot 


of grate area. Similarly, for the factor, Volatile Matter x 
Volatile Carbon 


Available Hydrogen 
we read for 2 per cent undeveloped heat that 6.7 cu. ft. of eom- 
bustion space are required for each square foot of grate. The 
ratio of oxygen to total carbon (line 14 in the table) is 0.178, and, 
reading from the lower set of curves in Fig. 108, it is found that 
7.4 cu. ft, of combustion space are required per sq. ft. of grate. 


? opposite 327 in the upper part of Fig. 108, 
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¢ 
Thus, from the three factors, it has been found that the required 


+ 


cubic feet of combustion space per sq. ft. of grate (+) varies 


from 6.7 to 7.4, and the value to be used is the average, or 
6.7 + 7.4 + 7.4 
3 Slog 


In the same way the ratio of 4 for the Virginia coal is found 


to vary between 4.9 and 5.1, and for the New River coal from 3.7 
to 3.9. 

It should be noted that the curves given in Fig. 108 are drawn 
for only one set of conditions, namely, 50 Ib. of coal fired per sq. 
ft. of grate per hr., with 50 per cent excess air. To design a 
furnace for a different rate of firing and different excess air it is 
necessary to construct curves similar to those in Fig. 108, but 
for the new conditions. Data for such curves can be readily 
obtained from the curves in Figs. 105 and 106. 

Effect of Moisture in Coal on Combustion.—The amount of 
moisture present in a coal may also affect its combustion. In 
small amounts, up to 5 per cent, as shown in Chap. IX, moisture 
speeds up the combustion of CO, but beyond this point increase in 
water content retards the reaction. 

Aside from its influence on the speed of combustion of CO, 
moisture also functions as a diluent of the reacting gases, and 
thus makes combustion more difficult. For example, in burning 
Illinois coal (16 per cent moisture) with 50 per cent excess air 
with 3 per cent of undeveloped heat at a rate of 50 lb. per sq. ft. . 
of grate per hr., the analysis of the flue gases leaving the furnace 
is as shown in Table LX XIX. 


TABLE LXXIX 


ANALYSIS OF FLUE Gases WHEN BuRNING ILLINOIS CoaAL 


(50 per cent excess air; 50 Ib. per sq. ft. per hr.; 3 per cent undeveloped heat) 


ConsTITUENT Per Cent 
INTER o 8.4 do Sidon 9 MEO an oO Us Gotoh nme Chronorane 75.4 
(Chat bvevantelitayets (ey, oye 4 pce eee rae eircom meray ce eee arco: 13.0 
WGK RAR Ae. © Gopal act ere sten a tiie Sa ROE Re Ae arr ar 10) 
Combustibles: 

CDRA earn pai ip 9 Sn ctsh ilar hlS aa. hres RN eee le 4.0 


(Ga ORIN OM ORIG Oeen eltce aesose: cy sastiehrn costae acioar us 0.6 
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Thus, although the water vapor is only 7 per cent of the fur- 
nace gas, it is greater in volume than the combined volume of 
the two reacting gases, CO and Oz. In such cases the moisture 
probably retards the process of combustion, since it reduces the 
concentration of the reacting gases and cuts down the tempera- 
ture in the combustion chamber. Moisture, of course, increases 
the stack loss. Coal is sometimes ‘‘tempered”’ with water before 
firing. This retards the rate at which the volatile matter is 
distilled and cuts down the smoke. 


THE MOST ECONOMICAL AIR SUPPLY FOR A GIVEN FURNACE 
AND A GIVEN COAL 


For a given furnace and a given coal there is a definite air 
supply which gives the most economical operation, 7.e., which 
allows the greatest overall efficiency. In the design of a new 
furnace there are two other variables: (1) size and kind of furnace 
and grate, and (2) kind of coal. With a furnace already built, 
however, there are only two variables, 7.e., the kind of coal and 
the amount of excess air. Let us consider an installed furnace 
with the kind of coal to be used as having been determined. 

Under these conditions, the percentage of excess air which 
gives the greatest overall efficiency depends on two factors: (1) 
the amount of heat lost up the stack as sensible heat in the flue 
gases, and (2) the amount of heat lost up the stack as undeveloped 
heat (unburned CO). With the correct amount of excess air, 
the sum of these two losses is at a minimum. If the excess air is 
increased over this definite optimum amount, the sensible heat 
loss will amount to more than the gain from greater completeness 
of combustion. Also if the amount of excess air is decreased, 
the per cent of CO goes up and the heat lost in this way more 
than counterbalances the saving in sensible heat. With a change 
in quality of coal the excess air necessary to obtain these optimum 
conditions changes, low-quality coals requiring high excess air, 
but for a given coal the most efficient per cent of excess air in any 
given furnace is fixed. 

Thus, for the Illinois coal tested by the Bureau of Mines, 
fired at the rate of 25 Ib. per sq. ft. of grate per hr., the optimum 
amounts of excess air are shown in Table LXXX. The most 
desirable per cent excess air decreases as the size of combustion 
space increases. 
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TABLE LXXX 


Most Erricient Per Cent Excess Arr ror Burnina ILvinors CoaL 


(Rate of combustion = 25 lb. per sq. ft. per hr.) 
i ee tS ee ee a pee 


Ratio of volume of combus- 
tion space (cubic feet) to 
grate area (square feet) 

ee ee ee ee ee A eS ll, ee PE 


Optimum per cent Most desirable 
excess air per cent CO, 


3 100 9.0 
4 68 10.8 
5 54 11.8 
6 46 12.5 
a 40 13.0 


This situation is shown graphically for a typical boiler and coal 
in Fig. 109. The stack loss due to the volume of hot flue gases 
is shown as dotted curve 1, while the loss of heat due to unburned 
CO is shown as dotted curve 2. The sum of these two losses is 
the determining factor and is shown as full curve 3. It is seen 
that as the amount of air is increased over that theoretically 
required, the total heat loss (curve 3) drops on account of the 
rapid decrease in the loss due to unburned CO. As the amount 
of air is further increased, however, the rate at which heat is 
gained through a decrease in the unburned CO gradually slows 
up until, at about 25 per cent excess air (in the case given), this 
gain is just counterbalanced by the increased loss as sensible 
heat in the stack gases. Figure 109 is drawn on the assumption 
that increasing the per cent excess air does not change the stack 
temperature. Actually, the stack temperature usually increases 
with increase in excess air (see Fig. 202, Chap. XVI) and this 
calls for a still lower excess air for maximum efficiency. The use 
of a very large amount of excess air would, of course, again lower 
the stack temperature, owing to the great dilution of hot furnace 
gases with cold air. 

The temperature of flue gas going out a boiler stack increases 
as the excess air is increased over that required to give maximum 
efficiency. As the excess air increases, the temperature of 
combustion and hence the temperature of the furnace walls 
decreases and a smaller amount of heat is transmitted directly 
to the boiler tubes by radiation. This leaves more heat to 
be taken out of the hot flue gases by conduction and, obviously, 
due to the increased load on the boiler tubes, the temperature 
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of stack gases goes up. With a water-tube boiler the rate of 
transfer of heat from the hot flue gases to the cooler water tubes 
is proportional to about the six-tenths power of the velocity. 
Therefore, when the flue gases contain larger amounts of excess 
air the rate at which heat will be taken out of the diluted gases 
does not go up so fast as the increased volume. Consequently, 
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Fig. 109.—Variation in stack loss with excess air, and the most desirable per cent 
CO: for a given boiler furnace and given coal. 


the temperature of the flue gas will go up until the effect of 
dilution is so great that the temperature finally falls. 

To summarize the best conditions for furnace operation: first, 
with a given furnace and coal, there is a certain per cent of excess 
air which must be used for most economical operation; second, 
with a furnace having a high stack temperature the best per- 
centage of excess air is lower than with a furnace having a 
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low stack feaceratire ; and, third, for the majority of furnaces 
the most desirable per cent of excess air is such that there is a 
very slight amount of CO present in the stack gas. If there is 
absolutely no CO or soot in the flue gas, it is certain that the 
furnace is not being operated under the most economical condi- 
tions, since too great an excess of air is being used. It should 
be borne in mind that relatively small amounts of CO cause a 
large loss of heat and, as shown in Fig. 101, the composition of 
the gases coming from a hand-fired fuel bed is not constant; at 
one moment there may be no CO and at another a large amount. 
Therefore, the extent to which in practice one can approach 
the optimum percentage of excess air depends on conditions 
specific to each particular case. For example, with automatic 
stokers or with pulverized coal the fluctuation can be largely 
eliminated, and consequently it is possible to operate con- 
stantly at the most efficient excess air. Soot causes a double 
loss, of potential or undeveloped heat, and, in addition, of sensible 
head due to coating the heat-absorbing surfaces and preventing 
heat transfer. It is obvious that, with a very smoky coal and a 
hand-fired furnace, the proper per cent of excess air to be used 
will be higher than with a non-smoking coal. 

To determine the per cent of excess air and the amount of 
heat lost up the stack as sensible heat in the flue gas and as 
unburned CO, it is only necessary (for reasonably accurate 
results) to obtain the temperature and analysis of the stack 
gases. If the gases are analyzed carefully, it is not necessary to 
determine either the heating value of the coal or its complete 
chemical analysis. The charts given in Chap, X obviate these 
determinations. 

The following illustrative problem is included merely to show 
the manner in which the Bureau of Mines data may be used to 
solve problems of design and the influence of the various 
factors. 

An industrial furnace is to be heated by burning an Illinois coal 
having a heating value of 12,000 B.t.u. per lb. and costing $7.50 
per ton. ‘The coal is to be fired at the rate of 25 lb. of coal per 
sq. ft. of grate area per hr. The net useful heat required by 
the furnace is 22,000,000 B.t.u. per hr. Tests on similar furnaces 
indicate a stack temperature of 680°F. above atmospheric 
temperature and losses by radiation, through the ash pit, etc., 


366 FUELS AND THEIR COMBUSTION 


amounting to 15 per cent of the gross heat.* The furnace 
is to be operated 24 hr. a day for 300 days in the year. 

The company purchasing this equipment expects to depreciate 
this furnace in five years and also expects the cost of mainte- 
nance during this period to be 10 per cent per year. F urthermore, 
the company can earn, in its regular line of business, 25 per cent 
on the money it invests. The cost of similar furnaces has been 
found to be equal to ($7500 + $20 X), where X is the total 
combustion space in cubic feet. Under these conditions what 
will be: 

1. The best ratio of combustion space to grate area? 

2. The volume of the combustion space? 

3. The most desirable percentage of excess air for the pro- 
posed furnace? 

4. The heat loss as unburned CO figured as per cent of the 
heat in the coal? 

The solution of a problem of this type consists first in determin- 
ing the minimum heat loss for each ratio of combustion space 
to grate area (V/A), and then, using these values, determining 
the minimum cost for coal and fixed charges. An assumption 
of the coal analysis must be made, but even a relatively large 
error in this item will make little difference in the result. The 
sensible heat loss up the stack for various percentages of excess air 
can then be calculated as follows: 

From the table of coal analyses in Chap. III, a coal from the 
Orient mine in Franklin County, Illinois, is found to have the 
following analysis as received: 


Per Cent 
Proximate analysis: 
INLGISUUPG. aa naeepesercte tere eee Tee eee eae 7.4 
Volatiletmatterieis 61. en cen ae ter OL 
Mixed! carbOnesnumacieie cet Seno 47.9 
100.0 
Ultimate analysis: 
Carbon ath 0: ee atin cea Ape ee ie) 
lam chokes Ce SMe ee es diet acd 
SMe eeas Aer, NIE Pw. aes re Seal 
INGERO O OT, oi, tele eke cpu in AUS Soe ete eae eee ee 
(RV GEM: oe ieee eee: o.oo ee 
Heating value (as received).......... 12,164 B.t.u. per Ib. 


* For simplicity’s sake no account will be taken of the variation of stack 
temperature with excess air, The percentage of heat lost by radiation also 
is considered constant. 
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From these data it is possible to calculate the sensible heat 
loss in the stack gases, assuming complete combustion. 


Basis: 100 lb. of coal 


This coal contains 69 lb. of carbon, or 69% 


= 5.75 mols carbon. The 
15 lb. of oxygen in the coal will combine with 15¢ = 
ile 


1.875 lb. He (since Oz 
7 


combines with Hy» in the ratio of 8:1) to form ae = 0.937 lb.-mols of 


Co 


water (7.e., the amount of moisture and combined water in the coal). The 
total hydrogen content of coal minus the hydrogen equivalent of the oxygen 


content is 5.4 — 1.875 = 3.53 Ib. of net hydrogen, or = = 1.77 1b.-mols 


of hydrogen to be burned by the oxygen of the air. 
The oxygen required for combustion is: 


HOT CAT DON See eer es nn yar e VERE nth 5.75 mols Oz 
For net hydrogen i= ") Baa Stare Seem Para nege 0.88 mols O2 
MotaOsrequinet an. .seae sole ae Sheahan ORGS mols. Os 
; ; : s 6.63 F 
Thus 6.63 mols of oxygen are equivalent* to 131 31.5 mols of air or 


31.5 & 0.79 = 24.9 mols of nitrogen. The flue gas coming from 100 lb. 
of coal therefore contains: 


CORR ee ey ee, eee ee HAE 5.75 mols 
ils) Seen ce eee ee eer Ce faa O04 92 mols 
Nee ea PO ets Neo men. Sates 24.9 mols 


Now, assuming the average outside air temperature to be 60°F., the 
average temperature of the stack gases will be 680 + 60 = 740°F. The 
sensible heat per mol of COs, H2O, and N» can be read from Fig. 49, Chap. X, 


as follows: 
SensiBLeE Heat at 740°F., 
B.t.u. Per Mou 


Gas (ABove 60°F.) 
The sensible heat in the flue gas from 100 lb. of coal is then found to be: 
ork @ 0). teen ee ee men D/O OF OO l— moor S00) 15 :t.U. 
org © Men ee eee eee ee aa dl OS00) mo. KOOL. tall. 


IDLO Oo go yenie Gen hanes On DMO Sit Cae 24.9 X 4760 = 118,400 B.t.u. 


Total sensible heat in flue gas (between 
TWO) sraxel (LOE!) gorse MCD Woste@nils oo emote tools oe ace = 172,900 B-t.u. 
The per cent of the heat input that is lost as sensible heat is, then, the 
sensible heat in the flue gas divided by the heating value of the coal, or 
172,900 x 100 
12,164 x 100 
* Air contains 21 per cent oxygen and 79 per cent nitrogen. 


= 14.2 per cent. Similarly, when 100 per cent excess air 
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(theoretical air previously shown to be 31.5 mols) is used, in addition to the 
sensible heat of the gases as calculated above, there is a further loss due to the 
31.5 mols of air:* 

31.5 & 4760 = 150,000 B.t.u. 
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30 
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Fie. 110.—The variation in sensible-heat loss, undeveloped-heat loss, and 
total stack loss with excess air. The lower series of curves show the loss of 
undeveloped heat in furnaces having the ratio of volume of combustion space 
to grate area specified on the curve. The total stack loss for furnaces having 
these ratios is shown in the upper series of curves, which represent the sum of the 
sensible-heat and the undeveloped-heat losses. 


Therefore, the total sensible heat loss with 100 per cent excess air is 
150,000 + 172,900 
12,164 X 100 
* Air composed of O». and Ny» will have the same sensible heat as the No 
in the preceding calculation. 


= 26.6 per cent. 
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, ¢ 
Then, plotting the per cent excess air against the per cent heat loss and 
drawing a straight line between the two points just calculated as in Fig. 110, 
it is possible to read off the sensible heat loss for any desired per cent excess 
air.* : 


The coal analysis used in making the above calculations is 
near enough to that of the Illinois coal of the Bureau of Mines 
investigation for the data in Fig 105 to be used directly. 
Therefore, from Fig 105, the per cent excess air and the per cent of 
undeveloped heat can be read off for each value of the ratio of 
volume of combustion space (cubic feet) to grate area in 
square feet (V/A) at 25 lb. of coal per sq. ft. of grate area per 
hr. Thus, with a ratio of V/A = 6, reading from the plot, 
the values of excess air for each degree of undeveloped heat 
are found to be as given in Table LXXXI. Using the values 
of excess air thus obtained, the corresponding sensible heat 
loss can now be read from the Sensible Heat Loss curve in 
Fig. 110. The total stack loss is the sum of the undeveloped 
heat loss and the sensible heat loss, as indicated by Table LX X XI. 


TABLE LXXXI 


Heat Losses with Varyinc Excess AIR AND COMPLETENESS OF 
CoMBUSTION 


(Illinois coal; 25 lb. per sq. ft. per hr.; ratio of combustion space (cubic feet) 
to grate area (square feet) = 6) 


Per cent unde- Per cent excess Sensible heat Total stack 
veloped heat air loss, per cent loss, per cent 

0.5 68 224 22.9 

1 52 20.5 Died 

2 35 18.4 20.4 

3 21 16.7 Lone 

5 10 15.4 20.4 

7 1 14.4 21.4 


A series of values of undeveloped heat and of total heat loss for 
given percentages of excess air obtained in this way are plotted 
in Fig. 110. The figures included on each line represent the 
value of the ratio of combustion space to grate area. These 
ratios, however, have been multiplied by a factor of 2 in order to 


* It should be noted that the curves in Fig. 110 apply only to the coal under 
consideration and to the specified conditions of stack temperature. 
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make the Bureau of Mines data more nearly conform to average 
plant conditions.* The variation in undeveloped heat with 
varying excess air for the different values of the corrected ratio 
of volume to area is represented by the lower series of curves 
(dotted lines). The total stack loss (7.e., the sum of the 
undeveloped heat and the sensible heat loss) is represented by 
the curves in the upper part of the figure (full lines). 

The minimum values of total stack loss (not including the 
constant loss due to heat used in evaporating the water in the 
coal) for each value of the corrected ratio of volume to area may 
then be read from Fig. 110, as shown in Table LX XXII. 


TABLE LXXXII 


Minimum Heat Losses witH VARYING RaTIOS OF CoMBUSTION SPACE TO 
GrRaTE AREA 


Corrected ratio of volume to 


Minimum stack loss.......... 27.4% | 23.4% | 21.4% | 20.6% | 19.2% | 18.4% 
Total heat loss = stack loss + 

4.1 per cent losst due to latent 

heat in water vapor + 15 per 

cent radiation, etc.:.........] 46.5% | 42.5% | 40.5% | 39.7% Sova % | erT.5% 


{A certain amount of the heating value of the coal must be expended in vaporizing the 
2.71 mols or 2.71 X 18 = 48.8 lb. of water that are present in the stack gases from each 
100 lb. of coal. The heat of vaporization of water is 1000 B.t.u. per lb., so this loss can 


48.8 X 1000 
12,164 X 100 X 100 = 4.1 per cent. 


The furnace efficiencies} for different values of the corrected 
ratio of combustion space (cubic feet) to grate area (square feet) 
are 100 minus the total heat loss as shown in Table LX XXIII. 


TABLE LXXXIII 
Maximum EFFIcIeNcIES WITH VARYING Ratios or CompustTIon SPAcE TO 
GraTE AREA 


be calculated as 


Corrected ratio of volume to 
EUSA INS e Meeeet soho cer ce omen 6 8 10 12 14 16 
Mth cient yee. eat aa ee eee 53.5%|57.5%|59.5%|60.3%161.7%162.5% 


*'The factor of safety to be used depends on conditions, as previously 
mentioned, 

} These efficiencies are not to be taken as the efficiencies to be obtained 
with Illinois coal in boiler practice. 
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The amount of foal which must be burned per hr. to meet the 
heat demands of the furnace is re sae The weight 
of coal per hr., the grate area (which equals the pounds of coal 
per hr. divided by the rate, 25 lb. per sq. ft. per hr.), and the 
volume of combustion space to give maximum efficiency at vari- 
ous corrected ratios of combustion space to grate area are shown 
in Table LXXXIV. 


TABLE LXXXIV 


Pounps Coat ppr Hr., Grate AREA, AND VOLUME OF CoMBUSTION SPACE 
To Give Maximum Erricrency 


Corrected ratio of combustion space to grate 


UCR rege Mice reat, ayccstoeesole Sestins s Bacio re mees a Se © 6 Se LOG 2s eG 
Poundateaalaper breast cess ah. re toe ene 3390/3150/3045/3000/2935]2895 
a be = grate area, square feet...| 135] 126) 122) 120) 117] 116 
Volume of combustion space, cubic feet... ..} 810]1010/1220)1440/1640)1856 


Pounds per hr. K 24 X $7.50. 

2000 , 
This cost calculated for the various corrected ratios of combustion 
space to grate area is shown in Table LXX XY. 


The coal cost per day is 


TABLE LXXXV 
Coat Cost ror VARYING RaTtos OF ComBUSTION SPACE TO GRATE AREA 
Corrected ratio of com- 


bustion space to grate 
ATCA ees een eee 


lor) 
io) 
— 
i=) 
a 
i) 
— 
is 


16 


Cost of coal per day. . .|$305 .00|$283 .50)$274 .00)$270 .00|$264 .00/$260 .50 


The fixed charges, including the 25 per cent that must be 
charged off on account of the interest the company can earn 
on money invested in its regular line of business, including also 
the 20 per cent per year for depreciation (7.e., 100 per cent in five 
years) and 10 per cent for maintenance,* are: 

* The furnace is to be operated 300 days a year. 
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(7500 sche 20.89) (0-20 ta 020 SURE cone rae Tay 


300 


Fixed charges calculated in this way, and the total cost (z.e., 
coal cost plus fixed charges) are shown in Table LXX XVI. 


TABLE LXXXVI 


Frixep CHARGES AND TotaL Cost with Various RATIOS oF COMBUSTION 
Space TO GRATE AREA 


Corrected ratio of com- 
bustion space to grate 
BOA, eel hades Rua 6 8 10 12 14 16 


Fixed charges, dollars 
per day.............|$ 43.50/$ 50.80/$ 58.50/$ 66.50/$ 74.00)$ 82.00 
Total cost, * dollars per 
day (fixed charges 
plus coal)...........] 348.50] 334.50] 332.50] 336.50] 338.50) 342.50 


* To simplify, the effect of changing grate size on cost of furnace is omitted. Further- 
more, since labor and other charges are constant and do not affect this problem they have 
been omitted. Attention should be called to the small change in cost of operation with a 
change in furnace size when each size furnace is operated at its particular optimum efficiency. 
This is due to the compensating character of the two stack losses. 


Table LXXXVI shows that the minimum cost is, therefore, 
with a furnace having a ratio of volume of combustion space to 
grate area equal to 10. From Fig. 110, with a value of V/A 
of 10, the minimum stack loss is found to be 21.4 per cent, using 
about 30 per cent of excess air. Under these conditions there is 
a loss of about 3.6 per cent due to undeveloped heat. The grate 
area from the above calculations is 122 sq. ft. and the volume of 
the combustion space is 1220 cu. ft. The first cost of the furnace 
would be $7500 + 20 X 1220 = $31,900. 
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CHAPTER XIII 
THE OPERATION OF HAND-FIRED FURNACES 


The desirability of thin fuel beds, from 4 to 5 in. deep, has 
been pointed out in the previous chapter. When firing coal by 
hand, however, due to the unavoidable formation of blowholes 
in the fuel bed, and the unevenness of ash distribution, it is 
necessary to carry a somewhat thicker fuel bed. In hand-fired 
furnaces, therefore, the thickness of fuel bed must be increased 
from 4 to 5 on up to 6 or 8 in. Usually fuel beds thicker than 
8 in. are not only unnecessary but they also cause low efficiency, 
due to the increased formation of CO, and increase the tendency 
for the formation of clinkers. Moreover, the high drafts which 
must be used with thick fuel beds cause air leakage through 
the furnace setting, thus increasing the sensible-heat stack losses. 

The previous chapter also showed the large amount of heat 
lost if the volatile matter of the coal is not burned. More- 
over there is an additional, indirect loss, since resulting soot 
depositing over boiler surfaces decreases the heat-absorbing 
capacity and the temperature of the stack gases thus is increased. 
Therefore, it is necessary to know the correct firing methods, in 
order to obtain the full heating value from the volatile matter 
of the coal and to prevent the formation of smoke. 

The best methods of firing coal by hand and means of reducing 
losses in hand-fired furnaces have been ably discussed in a pam- 
phlet issued by the U. 8. Bureau of Mines.'! The more important 
features developed in this pamphlet are summarized in this chap- 
ter under the headings: (1) Placing Coal on the Fire, (2) Cleaning 
Fires, (3) Frequency of Firing, (4) Clinker Formation, (5) Draft 
Regulation, and (6) Thickness of Fuel Bed. 

Placing Coal on the Fire.—The two most commonly used 
methods of firing coal by hand are: (1) distributing the green coal 
over the entire fire bed, taking particular care to cover thin spots, 
and (2) coking the coal on a coking plate at the front of the fur- 
nace and then distributing the coke over the fire. The first 
method, covering the thin spots in the fuel bed, is the easier of the 
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two and is the one most generally used. It has the disadvantage, 
however, that with badly caking coals the raw fuel may fuse, 
making it practically impossible for sufficient primary air 
to come up through the spot where the coal was fired. More- 
over, the accurate placing of coal on all the thin spots in the fuel 
bed requires considerable skill. In the second method, cok- 
ing the coal on a coking plate at the front of the furnace, the 
volatile matter is driven off in the path of the secondary air 
coming in through the fire doors and the combustion of the gase- 
ous hydrocarbons is further aided by passing the rich volatile 
gases across the highly heated coals, thus preventing chilling 
before combustion is complete. Then, if the coal cakes badly, 
the coke may be broken up and distributed over the thin spots in 
the fuel bed. This method has the disadvantage, however, that 
excess air is drawn into the furnace while the coke is being 
broken up, and in distributing the coke it is difficult to pre- 
vent stirring up the fuel bed, thus causing clinker formation 
by bringing the ash into a zone of incandescent fuel. In general 
due to the fewer operations involved, the method of spreading raw 
coal over thin spots in the fuel bed is the one most widely adopted, 
and good efficiencies can be obtained with careful firing. 

In firing by either method, one of the most important con- 
siderations is to cover the thin spots in the fuel bed. Coal on 
the grate never burns uniformly over the whole surface, and 
thick and thin spots are bound to occur. Where clinker forms, or 
the coal cakes, less air can get through the fuel bed and thus com- 
bustion is less rapid, causing a thick spot to form. The coal 
should always be thrown on the thin spots, which usually can be 
recognized by their brilliancy. If the thin spots are not filled 
up, air leakage results. In other words, the proper method of 
firing is not to spread the coal evenly over the whole fire bed at 
each firing, but rather to concentrate it where the bed has become 
thin. 

Fresh coal always should be fired in thin layers, because if the 
fireman attempts to fill up the deep holes in the fuel bed at one 
firing, a crust will form and a new high spot will result. If no coal 
is placed on the high spot for one or two firings, the crust will 
crack, and air can get through to allow a return to the normal 
condition. Of course, if the thick spot is due to an accumulation 
of ash or clinker, the flow of air will not return to normal until 
the clinker is taken out with a fire tool. 
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If the thin spots in the fuel bed are not properly covered, they 
may burn through entirely, allowing an inordinate amount of 
excess air to come up through the grate. Furthermore, when 
fresh coal is placed on these spots, some of it will fall through the 
grate, thus causing an additional loss. Therefore, in order to 
prevent the formation of holes, the interval between firings must 
be short. If bad thick and thin spots have been allowed to 
form, however, the quickest way of leveling the fuel bed is to 
break up the caked coal forming the thick spots and spread it 
over the depressions. This method has three disadvantages: (1) 
It causes extra work for the fireman, (2) while the door is open 
for cleaning a large and unnecessary excess of air is admitted, 
and (3) the leveling disturbs the ashes and is liable to start 
clinker formation. By placing the coal where it is needed, 
this extra work may be avoided, the fuel bed may be kept level 
for hours, and clinker may be greatly lessened. 

Cleaning Fires.—In hand-fired furnaces the coarse pieces of 
ash and the clinker must be removed at intervals ‘to prevent 
obstruction of the air spaces. Two general methods of cleaning 
fires are the “side method” and the “‘front-to-rear method.” 
In the side method one side of the fire is cleaned at a time, the 
good coal being pushed away from the clinker and ash. The 
clinker and the ash are then removed and the process repeated 
with the other side of the furnace. When the burning coal from 
the second side is pushed back onto the clean portion of the grate, 
fresh coal must be added in order to have sufficient fuel to cover 
the whole grate after the cleaning. 

In the front-to-rear method the burning coal is pushed against 
the bridge wall, instead of to one side. After the clinker is 
removed, the burning fuel is pulled back on the grate and fresh 
coal charged. This method is somewhat quicker than the side 
method, but is not quite so thorough, since some clinker is 
always left at the bridge wall. 

The larger the air spaces in the grate the greater the amount 
of ash that falls through into the ash pit, and, consequently, the 
longer are the intervals between cleanings. For most bituminous 
coals the air spaces should be at least 14 in. wide and for some 
coals they should be 34 in. Since almost all bituminous coals 
cake on the grate, no small pieces remain loose in the furnace, 
and thus, even with large air spaces, only a very small amount of 
combustible falls through into the ash pit. 
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Frequency of Firing.—Soft coal should be fired at short inter- 
vals, in small amounts, depending on the size of grate and the 
amount of draft. When the draft in the uptake is 1 in. of water, 
2 to 214 lb. of coal should be fired (per firing) for each square 
foot of grate. Thus from 100 to 125 lb. of coal, or from six to 
nine shovelfuls, should be charged on a 48-sq. ft. grate. If the 
draft is high, coal should be fired about once in 3 min. and with a 
slow fire about once every 8 min. On the average, the intervals 
between firings should be about 5 min. and never longer than 10. 
Small, frequent firings make the ratio of coal to air supplied 
more nearly constant; this is important, since in hand-fired 
furnaces the air supply is approximately constant. Further- 
more, coal does not cake as badly when fired frequently, since 
with small firings the thin layer of fresh coal is burned through 
before a hard crust can form. 

One of the principal reasons for frequent firing is to maintain 
a gradual distillation of volatile matter. In the preceding 
chapter, it was pointed out that when green coal is charged on a 
furnace grate the coal is rapidly heated and from 40 to 60 per 
cent of the combustible is given off as volatile matter and CO. 
This process of distillation is usually nearly complete in from 2 to 
5 min. after firing. It is evident, then, that, if the air supply is 
correct when the volatile combustible matter is being given off, 
it must be incorrect during the period after the volatile has been 
consumed. Thus theoretically a large amount of air should be 
admitted while the distillation is taking place, whereas during the 
latter part of the interval between firings only a small amount 
of air need be added. Such constant variation of the air supply, 
though possible with the aid of automatic devices (such as 
mechanically controlled steam jets), is dificult to maintain, and 
the best results (even with these automatic devices) are obtained 
by small, frequent firings to make the distillation of volatile 
matter more nearly uniform and proportional to the amount of 
air supplied. 

This is shown graphically in Fig. 111. In ease A (upper part 
of figure) the firings are 5 min. apart, while in case B (lower 
part of figure) firings are 15 min. apart. The same amount of 
of coal is fired, and therefore, the same total amount of volatile 
matter is distilled in both cases. The amount of this volatile 
matter is represented by the shaded areas under each part of 
the saw-tooth curve. The horizontal dotted lines represent the 
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constant air suppl¥ sufficient to burn the volatile matter under 
each line. Thus, for a given air supply, the shaded area above it 
represents a loss due to unburned volatile matter. The unshaded 
area under the line represents a loss due to excess air. As was 
shown in the preceding chapter, as the air supply is increased, 
the loss due to unburned volatile matter decreases, but at the 
same time the loss due to excess air is increased. The optimum 
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Fig. 111.—Relation of rate of distillation of volatile matter and necessary air 
supply. A shows the air supply and the distillation of volatile combustible 
when the firings are 5 minutes apart, B when the firings are 15 minutes apart. 
In both cases the amount of coal fired per hour and the weight of volatile com- 
bustible distilled from the coal are the same. This weight of volatile combustible 
is represented by the shaded area under the saw-tooth curve. 


operating condition (7.e., where the sum of these two losses is a 
minimum) is with the air supply shown by the middle dotted 
line marked “Average air supply over fuel bed.” The total 
net loss is much less in A than in B, that is, small frequent 
firings are more economical than large firings at long intervals. 
It is also possible with many coals to slow up the rate of volatili- 
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zation by moistening or “tempering” and thus again more 
nearly approximate a constant evolution of volatile matter. 

Clinker Formation.—Clinker is fused ash and entrapped 
combustible material, and any ash will fuse if heated to a high 
enough temperature. It has previously been pointed out 
(Chap. II) that the fusing point of the ash depends on its chemi- 
cal composition, although the exact influence of each constituent 
is unknown. It is known, however, that ash in an oxidizing 
atmosphere fuses at a higher temperature than in a reducing 
atmosphere, since some constituents of the ash, such as oxide 
of iron, are reduced to oxides with lower melting point. The 
melting points of three ashes are given in Table LXXXVII. 


TABLE LXXXVII 


EFrrrct oF ATMOSPHERE ON Fusion Point or ASH 


Ash from 


Pocahontas........ 


Mingo bed, Tennessee.......... 
Coal Creek bed, Tennessee 


Fusing temperature 
in reducing atmos- 
phere 


2509°F. (1376°C.) 
2606°F. (1480°C.) 
2395°F. (1313°C.) 


Fusing temperature 
in oxidizing atmos- 
phere 


2642°F. (1450°C.) 
2642°F. (1450°C.) 
2489°F. (1365°C.) 


Clinkering is commonly caused by (1) thick fires, (2) excessive 
stirring of fires, (8) burning coal in the ash pit, (4) much slack 
in the coal, and (5) closing the ash-pit doors. In other words, 
any factor which tends to markedly increase ash temperature 
tends to promote the formation of clinkers. 

The use of a thick fuel bed is the most common cause of clinker. 
With a thick fire less heat escapes from the fuel bed by radiation 
and consequently the ash is subjected to higher temperatures, 
and clinkering may result. The gases passing through the fuel 
bed contain more CO, 7.e., there is a reducing atmosphere and, 
as shown by Table LXX XVII, the fusion of ash can take place 
at a lower temperature. 

If the fire is stirred frequently, as, for example, to break up 
the crust, the underlying layer of ashes is lifted onto the burning 
coal and clinker results. Similarly, burning coal in the ash pit, 
which may either come from holes in the fuel bed or from leveling 


THE OPERATION OF HAND-FIRED FURNACES 379 


¢ 
of fires, heats and fuses the ash on the grate. Closing the ash- 
pit door cuts down the amount of air through the grate and thus 
permits the heating and melting of the ash. 

Prevention of Clinker.—Clinker formation may generally be 
prevented by observing the following precautions, all of which 
tend to reduce the temperature of the ash: 

1. Use thin fires and keep the fuel bed level by placing fresh 
coal on the thin spots. Disturb the fuel bed as little as possible. 

2. Fire the coal in small charges, to minimize crust formation. 

3. Do not allow burning coal in the ash pit. It is a good 
plan to keep water in the pit, or, if it is not water-tight, to blow 
waste steam through the grate if the coal clinkers badly. 

4. Keep the ash-pit door open, and regulate the draft by 
means of the damper. 

Draft Regulation.—In most plants the load fluctuates during 
the day, and this varying demand is met by burning more or 
less coal. It has already been shown that the amount of coal 
that can be burned depends on the amount of primary air 
forced through the fuel bed. The proper air supply for the com- 
bustion of a given amount of coal is controlled by regulation of 
the draft; that is, a high draft is required for a rapid rate of com- 
bustion, and a low draft for a slow sluggish fire. It is, of course, 
possible to meet a low demand by keeping up a high rate of 
combustion with a high draft, provided a large excess of air is 
drawn in over the fuel bed, but this is extremely wasteful and 
allows a high stack loss. 

The best method of draft regulation is to use a damper in the 
uptake or breeching and there should be one for each furnace. 
The connections should be so arranged that the fireman can 
regulate the damper from the floor in front of the boiler; other- 
wise the draft will not be properly regulated. The draft should 
never be regulated by closing the ash-pit doors, as this causes 
an increase in secondary air at a time when a decrease is desired. 
The ash-pit door and the grating over the firing door should be 
adjusted so that each admits half the air. Closing the ash-pit 
door prevents air from coming up through the grate and allows 
more air to be sucked in over the fuel bed. This is harmful in 
two ways: (1) when the air supply through the fuel is cut 
down, the ash on the grate and the grate itself become heated, 
which results in troublesome clinker, and repeated heating of 
the grate may cause it to warp; and (2) when the amount of air 
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coming through the grate is decreased, more air is drawn into 
the furnace over the fuel bed and the sensible heat lost up the 
stack is increased. Figure 112 shows diagrammatically the 
correct and the incorrect methods of air admission. In the 
correct method, shown at the left of the figure, the ash-pit door 
is left open, the air is controlled by means of the stack damper, 
enough primary air being admitted through the ash-pit door to 
cool down the ashes on the grate, and enough secondary air 
being admitted through the fire door to burn efficiently the 
gases rising from the top of the fuel bed. In the incorrect 
method, shown at the right of the diagram, the air is controlled 
not by the damper in the uptake, but by closing the ash-pit 
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Fie. 112.—Correct and incorrect methods of draft regulation in a hand-fired 
boiler furnace. 


door. This results in heating and fusion of the ash on the 
grate, and since an extra amount of air is drawn in through the 
fire door (more than is required to burn the volatile matter) there 
is a large and unnecessary waste of sensible heat up the stack. 

The amount of the draft cannot be determined from the 
position of the damper, and the draft should always be regulated 
with the aid of a draft gage. If the resistance of the fuel bed is 
kept constant, the amount of air supplied, and consequently 
the rate of combustion, will be roughly proportional to the 
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square root of thé draft over the fire. Thus, if the draft over 
the fire is 19 in. of water at 25 lb. of coal per sq. ft. of grate area 
per hr., then, with the same resistance of fuel bed, with a draft 
1 in. of water, the rate of combustion will be 25 x ig 
25 X 1/2 = 35 lb. per sq. ft. of grate perhr. If the draft is low 
when the damper is wide open, there may be holes in the fire bed, 
and if the draft is very high there usually is an accumulation of 
clinker on the grate. Thus, the use of a draft gage not only 
allows the proper draft regulation to maintain a desired rate of 
combustion and air supply, but also serves to indicate the 
condition of the fire. 

Thickness of Fuel Bed.—The proper thickness of fuel bed 
varies somewhat with the draft available and the kind of coal 
used. In furnaces having a draft of 1 in. of water, where run-of- 
mine coal is used, the fuel bed should be between 4 and 8 in. 
thick. In locomotives, on the other hand, the draft in the fuel 
box is high (frequently up to 10 in. of water) and a 6- to 10-in. 
fuel bed gives good results. Under ordinary furnace conditions, 
however, there is no reason for carrying a fuel bed thicker than 
8 in. If the coal is fine, only a 4-in. bed is required, but with a 
coarse coal which contains little or no fines the bed may be 
8 in. thick. The proper maintenance of a thin fire, however, 
requires considerable skill, the main difficulty being to prevent 
blowholes in the bed. 

If the fuel bed is thicker than necessary, the resistance to air 
flow is too large and consequently the rate of combustion and the 
furnace capacity are decreased. If coal is properly fired in a 
thin bed it is often possible to keep up steam pressure when it 
would be impossible to do so using a thick fire. Furthermore, a 
thick fuel bed is the most common cause of clinkering troubles. 

Summary.—Methods of smoke prevention, methods of prevent- 
ing clinker formation, and means of obtaining maximum effi- 
ciencies in hand-fired furnaces may be summarized as follows: 

Methods of Smoke Prevention in Hand-fired Furnaces.—In order 
to prevent smoke formation, the rich, volatile gases rising from 
the top of the fuel bed should be mixed with air and then passed 
over the incandescent coals in order to promote combustion 
before the gases are chilled. The coal should be fired in small 
amounts at short intervals, since in this way only small amounts 
of volatile matter are given off at any one time. The use of auto- 
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matic devices which cause the admission of an extra quantity of 
air just after firing (when volatile matter is being given off and 
more air is needed) will also aid in smoke prevention. Moisten- 
ing or ‘‘tempering”’ the coal may slow down the rate of volatiliza- 
tion and thus make the evolution of volatile matter more nearly 
uniform. 

Method of Preventing Clinker Formation in Hand-fired Furnaces. 
Clinker is fused ash and every effort should be made to keep 
the ash cool. A thin fuel bed should be carried in order to permit 
cooling of the ash by primary air coming up through the grates. 
It is important not to disturb the fuel bed, thus bringing the ash 
up into a hot reducing zone where clinker will form at a lower 
temperature. Burning coal must be kept out of the ash pit in 
order to allow the ash to cool. The draft should be regulated by 
a stack damper and the ash-pit door should be kept open in order 
to admit air under the grate. The practice of bleeding in steam 
under the grates, although necessary with some badly clinkering 
coals, lowers the efficiency and should only be used in case of 
necessity. 

Methods for Obtaining Maximum Efficiency in Hand-fired Fur- 
naces.—In order to obtain the maximum efficiency, the fuel bed 
should be kept thin and uniform, 7.e., the same depth all the time. 
The bed must be kept free from blowholes or thin spots, partic- 
ularly around the edge of the grate, where air leakage may cause 
clinker formation. The coal should be fired frequently in small 
amounts in order to obtain the maximum heat from the volatile 
matter. The ash-pit door should be kept open, the opening in 
the fire door fixed, and the draft regulated by the stack damper. 
The excess of secondary air should be kept low and air infiltra- 
tion through cracks in the furnace setting should be kept at a 
minimum. The breeching must be tight. The surfaces of the 
boiler, both inside and out, should be kept clean, as this increases 
heat absorption and lowers the temperature of the waste stack 
gases. Draft gages should be used, one connected just over the 
bed and another in the breeching; the first shows the pull through 
or resistance of the fuel bed and the second shows the total pull. 
This arrangement, therefore, tells the condition of the fire. 
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CHAPTER XIV 
MECHANICAL STOKERS AND FURNACES 


The preceding chapters (XII and XIII) have shown the bene- 
fits derived from firing coal frequently in small amounts, and 
from distilling the volatile matter of the coal in an oxidizing 
atmosphere. Both of these conditions are made possible by 
mechanical stokers, and therefore they give less smoke and permit 
greater efficiencies than can be maintained with hand-firing. 
Making any process continuous usually increases the efficiency. 
Mechanical stokers were developed because of these advan- 
tages, because of the saving in labor, and the ability of stoker 
fired furnaces to carry high overloads, thus greatly reducing the 
cost of equipment necessary for handling peak loads. The ques- 
tion of ability to carry peak loads has become more and more 
important with the development of the present-day, high-capac- 
ity, large-size boiler furnaces. 

When coal is fired intermittently (see Chap. XII) there is 
a loss due to unburned volatile matter, immediately after firing, 
and during the remainder of the interval there is an inordinate 
loss due to excess air. With mechanical stokers, on the other 
hand, the coal is fired uniformly in small increments, the fuel is 
heated slowly, and the volatile matter is driven off continuously. 
This uniform evolution of volatile matter permits the use of a 
steady draft, and therefore the constant admission of the proper 
amount of air for efficient combustion. Moreover, a thinner fuel 
bed can be carried with mechanical stokers, therefore giving a 
higher capacity per cu. ft. of combustion space. This more effi- 
cient utilization of the combustion space is possible because the 
gases coming off the top of a thin fuel bed are higher in COs, #.e., 
a greater proportion of the combustion has taker. place in the 
fuel bed, and therefore less CO and gaseous hydrocarbons remain 
to be burned in the space over the fire. 

The principal methods of feeding coal and air in industrial 
furnaces are shown! diagramatically in Fig. 113. In hand- 
fired furnaces (A), primary air passes through a bed of ashes and 
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comes in contact with partly burned fuel. All the oxygen is 
used up before the air reaches the green coal. Thus the volatile 
hydrocarbons distilling from the top of the fuel bed come into 
contact with gases depleted of oxygen, and therefore “hydroxyla- 
tion” is made difficult and the deposition of soot results easily 
(see Chap. IX). In the overfeed type of mechanical stokers 
(B in Fig. 113) coal from a hopper is fed onto the sloping grate 
and is coked and distilled in the upper part of the furnace by 
the heat reflected from an arch. The resulting coke burns as it 
travels down the grate to the ash pit. With chain-grate or 
traveling-grate stokers (C in Fig. 113) the green coal is fed onto a 
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(D) 
Fria. 113.—Principal methods of feeding coal in industrial furnaces. (A) 


Hand fired furnace. (B) Overfeed stoker. (C) Chaingrate stoker. (D) 
Underfeed stoker. 


moving horizontal grate. The coal is coked and distilled by 
heat reflected from an arch just as the grate enters the furnace; 
the resulting coke is burned during the travel of the grate through 
the furnace; the ash is dumped by the grate into the ash pit. 
In the underfeed type of mechanical stoker (D in Fig. 113) 
the green coal is fed from the underneath part of the fuel and 
distilled volatile matter passes up through the bed of incan- 
descent coke. Thus, in overfeed stokers and in chain-grate 
stokers part of the primary air, and in underfeed stokers prac- 
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tically all the suttrue primary air, passes through the green coal 
as it is being distilled. The distillation of volatile matter there- 
fore takes place in an oxidizing atmosphere, the entrance of 
oxygen into the hydrocarbon molecule (hydroxylation) is made 
easier and the tendency for “cracking” or soot deposition is 
decreased. Moreover, with mechanical stokers the fresh coal is 
heated gradually, and the volatile matter is driven off relatively 
slowly, again tending to promote hydroxylation. The amount 
of coal fired and the amount of air supplied the furnace may be 
regulated automatically with practically all types of stokers; 
therefore it is possible to feed into the furnace the coal and air 
properly proportioned, and in amounts depending on the load. 

Historical Outline of Stoker Development.*—The early 
development of mechanical stokers was brought about almost 
entirely by the attempts to secure smokeless combustion. 
Although the idea of a continuous feed of fuel dates back to the 
days of alchemy, the first adaptation of the stoker principle to 
the steam boiler must be credited to James Watt, the inventor of 
the steam engine. In 1785 Watt patented a stoker-fed furnace, 
and in modified form applied the idea of progressively distilling 
the coal so that the gases could be burned in passing through the 
fuel bed. Probably the first truly mechanical stoker was brought 
out in England by William Brunton in 1819. Brunton patented 
and successfully applied a traveling-grate stoker consisting of a 
rotating circular plate. The original chain-grate stoker was 
invented by Juckes in 1841, and embodied most of the principles 
involved in present-day chain-grate stokers. The development 
of mechanical stokers operating on the overfeed principle dates 
from 1845, when Hall in England patented a stoker in which the 
fuel was pushed onto inclined reciprocating grate bars. Juckes, 
the inventor of the traveling-grate stoker, in 1838 brought out a 
stoker of the underfeed type. In 1889 Jones patented an under- 
feed stoker which, with certain changes, is still being operated 
successfully. 

The adoption of these mechanical stokers in American plants 
was very slow, due for the most part to lack of knowledge of 
stoker operation and to the faulty design of many early stoker 
types. By about 1900, however, quite a large number of stokers 
had been installed and were operating in a fairly satisfactory 

* For complete and interesting details of the development of mechanical 
stokers, the reader is referred to P. K. Cuark? and Rosrert JuNn.? 
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manner at the low capacities demanded at that time. Gradually, 
however, the demands on furnaces increased until at the present 
time many boilers are operating for short periods at as high as 
500 per cent of normal rating. These increasing demands 
have had a far-reaching effect, not only on stoker design, but 
also on the design of the furnaces themselves. 


CLASSIFICATION AND DESCRIPTION OF MECHANICAL STOKERS 


Stokers now used commercially fall into three main groups: 
(1) the chain or traveling grates, (2) stokers of the overfeed type, 
and (3) stokers of the underfeed type. In the subsequent dis- 
cussion the characteristics of the three types of stokers* are 
described, representative makes of stokers are discussed, and the 
kind of coal used, the rate of combustion, and the draft require- 
ments are given for each type. In considering individual makes 
of stokers, some of the main points to be considered are: depend- 
ability, freedom from manual labor, protection through easily 
accessible shear parts, ete. 

Chain- or Traveling-grate Stokers.—Chain-grate or traveling- 
grate stokers consist of endless jointed webs which pass over 
sprockets at the front and rear of the furnace. Coal is fed onto 
the grate from hoppers, the grate (before entering the furnace) 
passing under an adjustable gate which regulates the thickness 
of the fuel bed. As the grate with its layer of coal enters the 
furnace, the coal is distilled and ignited by heat reflected from 
the hot portion of the fire to the front of the grate by an ignition 
arch. Combustion of the coal then proceeds gradually as 
the grate passes to the rear of the furnace. When burning soft coal 
care must be taken to prevent large lumps from rolling to the side 
of the grate and then, by burning out quickly, causing blowholes. 
The cinders are dumped automatically as the grate passes over 


* For a complete description of the important mechanical stokers manu- 
factured in the United States the reader is referred to ‘“‘ Mechanical Stokers,”’ 
by Worker and Pressures! and to the “Condensed Catalog of Mechanical 
Stokers.”> These references give the dimensions of the various stokers, 
detailed explanations of the actuating mechanisms, etc. British stoker 
practice is discussed by Davin BRownutm,* and recent advances in American 
stoker design are discussed in reports of the Prime Movers Committee of 
the National Electric Light Association.? Much valuable information 
regarding mechanical stokers, and the design, operation, and characteristics 
of stoker-fired furnaces, is given by Marsu.8 
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the rear sprocket eas is above the ash pit and the grate is 
cooled as it returns to the feed hoppers. 

Tuyéres under the grates permit the admission of the proper 
amount of air at any desired point, and air leakage through the 
ash pit or around the edges of the grate usually is prevented. by 
suitable seals and ledge plates. It is necessary to prevent air 
leakage between compartments and to distribute the air evenly 
across the width of the grate. Usually only a little air is distrib- 
uted to the front compartment, more to the next, and the 
maximum amount to the third. Sometimes secondary air is 
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Fic. 114.—Sectional drawing of Coxe traveling grate. (Combustion Engineer- 
ing Corporation:) 


taken in through the ignition arch and throat to avoid stratifica- 
tion of gases. Chain-grate stokers are either natural draft or 
forced draft. The natural-draft type were the first developed 
and are now most widely used where the load is fairly steady 
and where only medium capacities are required. The forced- 
draft stokers of this type have higher capacities and can success- 
fully burn a wider range of fuels than the natural-draft type. 
Descriptions of representative makes of chain-grate stokers are 
given herewith. 
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The Coxe stoker, shown in Fig. 114, is of the forced-draft 
traveling-grate type and is quite widely used for firing coke 
breeze and the smaller sizes of anthracite. It is also used in 
connection with soft coals from Ohio, Indiana, and Illinois. 
The stoker consists of two side frames provided at the rear with 
bearings to hold the driving shaft and at the front end with idler- 
shaft bearings. Forced-draft connections are made through 
openings in the side frames. A sheet-steel box under the active 
portion of grate is divided into compartments by tuyéres or air 
boxes as shown in Fig. 114. Air from the tuyéres or air boxes is 
distributed through air compartments extending the whole 


Fic. 115.—Green natural-draft chain-grate stoker. (Combustion Engvneering 
Corporation.) 


width of the grate, the amount of air sent to each compartment 
being controlled by the adjustment of a slide damper in the tuyére 
sides. The number of tuyéres and air compartments used 
depends on the length of fire desired. 

The front part of the grate is covered by an ignition arch 
(see Fig. 114), which varies from one-half to three-fourths the 
length of the fire, depending on the size of stoker and the ease 
with which the fuel can be ignited. The height of the arch above 
the grate® is at least 3 to 5 ft., depending on and increasing with 
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the length of the avant In burning steam sizes of anthracite 
a rear arch is used and the operation is such that hot, live coals 
from the rear are thrown forward onto the green coal, thus 
aiding ignition. 

One type of arch suspension is indicated in Fig. 115, which 
shows the Green natural-draft chain-grate stoker. This figure 
also shows the use of a “‘fuel retarder,” which is essentially a 
water-cooled member extending across the rear of the grate. 
This device is lowered to prevent any unburned fuel passing 
over into the ash pit and, conversely, is raised to permit all the 
ash formed to be dumped without building up any undue accumu- 
lation of ash on the grate. 

Coals Suitable for Use on Chain-grate Stokers.—Chain grate 
stokers, in general, can be used to burn either high- or low-vola- 
tile, non-caking coals, steam-size anthracite, and coke breeze. 
They should not be used with caking coals, because, after the 
coal fuses and cokes, further heating causes this coke to shrink 
and crack. Much of the primary air then goes up through these 
cracks, resulting in too much air at the voids and not enough 
elsewhere. Thus with caking coals, chain-grate stokers give 
high stack losses, low capacities, and high ash-pit losses, since 
large lumps of coke are still unburned by the time the coal has 
traveled through the furnace. 

The time the fuel is in the furnace depends on the length and 
rate of travel of the grate, because when the coal or ash reaches 
the end it is automatically dumped off. For this reason mixed 
fuels, such as a high percentage of bituminous coal with either 
coke breeze or anthracite, cannot be burned on a chain grate 
if the coals are all mixed together.* The rates of combustion and 
ignition of the two fuels are different, and if the grate is set 
for the easy burning fuel the slow-burning coke breeze or anthra- 
cite will pass into the ash pit unburned. This, of course, results 
in a high ash-pit loss. On the other hand, if the rate of grate 
travel is set to permit complete combustion of the fuel of low 
combustibility, the capacity is greatly decreased and the quick- 
burning fuel is burned’ out long before the grate enters the ash 
pit. This results in blowholes in the fuel bed and consequently 
large quantities of excess air leak through, causing a high stack 
loss. The way in which such mixed fuels can be burned most 

* Small percentages of soft coal are mixed with anthracite coal and coke 
breeze to aid ignition. 
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successfully on a chain grate is in layers, with the fuel of low 
combustibility on the bottom, so that it will come into contact 
with the maximum amount of oxygen and thus burn first. A 
hopper for feeding separate layers of bituminous coal and coke 
is shown diagrammatically in Fig. 116. An adjustable gate is 
provided to regulate the amounts and relative thickness of the 
coke layer and the coal layer. 
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Fie. 116.—Hopper for feeding layers of coal and coke on a chain grate stoker. 
Diagrammatic. 


Chain grates can be used to burn coals with ash of low fusion 
point, because the fuel bed is not disturbed and the ash is kept 
in an oxidizing atmosphere, thus decreasing the tendency 
for clinker formation (see Chap. XIII). Therefore non-caking 
coals of any kind or amount of ash may be used. Traveling- 
grate stokers are to be preferred for burning coke breeze, anthra- 
cite, semi-anthracite, and high asn (above 10 per cent), clinkering, 
non-coking bituminous coals. Traveling grates for burning 
lignites and subbituminous coals should be equipped with liberal 
ignition arches to permit ready ignition of the coal. 

Draft Requirements of Chain-grate Stokers.—Chain-grate 
stokers may use either natural or forced draft, the latter being 
necessary when the resistance of the fuel bed is high on account of 
the fineness of the coal or the small size of the grate openings. 
The draft for natural-draft stokers varies between 0.25 and 0.60 
in. of water, depending on the load. In general, for natural- 
draft furnaces about 10 Ib. of coal can be burned per sq. ft. of 
grate per hr. for each 0.1 in. of water draft through the fuel bed. 
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In forced-draft stokers, the pressure varies between 1 and 4 in. 
of water, depending on the load. 

Rates of Combustion with Chain- or Traveling-grate Stokers.— 
The rate of combustion with chain-grate stokers averages about 
30 to 35 lb. of coal per sq. ft. per hr. For carrying peak loads 
it is possible to maintain rates from 45 to 60 lb. per sq. ft. per hr. 
over short periods. 

Regulation of Combustion Rate with Chain-grate Stokers.—The 
rate of combustion on chain grates can be regulated (1) by chang- 
ing the height of the feed plate or the thickness of the fuel bed, 
(2) by changing the speed of the grate (20 to 120 ft. per hr. is the 
average speed), and (3) temporarily by changing the blast, either 
as to amount or distribution under the front or the rear of the 
grates. Thus for a light load the grate speed would be lowered 
and the air to the rear of the grate would be checked. 

Overfeed Stokers.—Overfeed stokers are said to be “single- 
inclined, front-feed”’ stokers if the coal is fed from the front of 
the furnace only, or ‘“double-inclined, side-feed stokers”’ if the 
coal is fired from both sides of the furnace. In most overfeed 
stokers the grate extends into the furnace at a rather steep incline, 
although the coal will not flow down this incline by gravity alone. 
A portion of the grate is fixed, but reciprocating sections are pro- 
vided to help move the coal through the furnace. Coal is fed 
onto the grate from hoppers and is distilled and coked by heat 
radiated from arches above. Secondary air to burn the volatile 
matter is usually supplied through openings in the coking arch 
or through the lower part of the grate. In the front-inclined 
feed type the reciprocating motion of the grate bars carries the 
fuel to the rear, where it is dumped as cinder after combustion is 
completed. In the double-inclined, side-feed type of stoker the 
movement of fuel is toward the middle of the furnace and a 
central clinker grinder discharges the cinder into the ash pit. 

Overfeed stokers will handle all types of coal from lignite to 
anthracite, though they are mainly used with midwestern, high- 
volatile, high-ash coals. They may also be used with refuse fuels, 
such as sawdust, tanbark, etc. 

The Detroit V-type stoker, shown in Fig. 117, is of the double- 
inclined, side-feed type of overfeed stoker. Coal is fed into 
hoppers extending the whole length of each side of the furnace. 
From the hoppers the coal is moved to a coking plate, where it is 
distilled and the volatile matter is mixed with air which has been 
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preheated by passing over the top of the radial arch shown in F ig. 
117. From the coking plate the fuel passes onto the inclined 
grates, alternate bars of which are movable. Motion imparted 
to these bars gradually advances the fuel down the grate surface, 
and, when combustion is complete, forces the cinder into the 
cinder grinder (shown in Fig. 117). The motion imparted by 
the rocking bars is greatest at the bottom to agitate the partially 
burned coal. The cinder grinder consists of a series of inter- 
locking, toothed iron segments which crush any clinker and 


Fie. 117,—Detroit V-type overfeed stoker with radial sprung arch. (Detroit 
Stoker Company.) 


deliver it to the ash pit. This type of stoker is adapted for use 
in small- or medium-sized plants which have a relatively steady 
load. 

The Westinghouse-Roney stoker shown in Fig. 118 is of thé 
single-inclined, front-feed type. Coal from a hopper extending 
along the front of the furnace is forced mechanically at the 
desired rate onto a dead plate, where the coal is coked by heat 
radiated from the overhanging arch. From the coking plate the 
fuel is forced onto the grate bars, which by their rocking motion 
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gradually cause the coal to move down toward the ash pit. A 
wide, partly balanced dump grate is built at the lower end of the 
stoker and means are provided for raising the grate (to prevent 
unburned coal from falling into the ash pit) when the dump grate 
is open. Air leakage through the ash pit and around the dump- 
ing grate is kept as low as possible. Like the Murphy or Detroit 
stoker, the chief field of application of the Westinghouse-Roney 
stoker is in plants where the load is fairly uniform. 

Draft Requirements with Overfeed Stokers—About 50 lb. of 
coal per sq. ft. of grate area per hr. is the maximum rate of firing 


Ira. 118.—Westinghouse-Roney overfeed stoker. (Westinghouse Electric & 
Manufacturing Co.) 


even with forced pressure and with caking coals the maximum 
rate is about 35 lb. per sq. ft. of grate per hr. The average com- 
bustion rate is from 20 to 35 lb. per sq. ft. per hr. with free-burn- 
ing coals. 

Regulation of Combustion Rate with Overfeed Stokers.—Overfeed 
stokers are regulated by changing (1) the rate at which coal is 
fed through the hoppers, (2) the rate at which ash is removed by 
the ash dumper, or (3) by changing the amount or distribution of 
the blast. Boilers may be operated continuously up to 200 per 
cent of rating without overheating the grates. 
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With this type of stoker more labor is required than on chain 
grates to keep the fire bed open and to make the ash pass 
through the ash grinder. The fires sometimes have to be cleaned 
of clinkers. 

Hand-operated Stokers.—Hand-operated stokers are some- 
times used in small plants where the installation of complete 
mechanical stokers may not be advisable, due to the high initial 
investment, or where the possible labor saving may be small. 
Stokers of this kind are mainly of the overfeed type. 


Fia. 119.—National hand-operated stoker. (The M. A. Hofft Company.) 


In the stoker shown in Fig. 119 coal is fired by hand onto a 
coking plate just in front of the furnace doors. Here the coal is 
coked and then gradually moved down the sloping grate surface 
by the motion of hand-operated grate bars. This kind of stoker 
possesses many of the advantages of the complete mechanical 
stoker, such as the distillation of the coal in an oxygen-rich atmos- 
phere and the relatively easy removal of cinder, but has the dis- 
advantages that the doors must be opened to fire fresh coal, 
thereby chilling the furnace and increasing the stack loss while 
the doors are open. 

The semi-mechanical stoker shown in Fig. 120 uses mechanical 
methods of feeding the coal but uses hand operation for the 
remainder of the process. Coal from the hopper A passes over a 
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coking shelf B which extends the full width of the furnace and 
is pushed directly under the coking arch C. After being coked, 
the coal falls onto the grates, where the hand-operated stoker bars 
G distribute the fuel over the bed, and, as combustion progresses, 
gradually force the cinder on the drop bars H. Volatile matter, 
driven off on the coking plate, is mixed with secondary air coming 
in through the ducts D, while a further supply of secondary air 
is admitted through the dead-plate shutters H and the dead-plate 
bars F to mix with the rich gases rising from the top section of 
the fuel bed. 


Fia. 120.—Huber semi-mechanical stoker. (Flynn & Emrich Co.) 


Underfeed Stokers.—Underfeed stokers are either horizontal 
or of the “gravity” type, in which the stoker is inclined toward 
the rear of the furnace. In these stokers green coal is fed to the 
underneath portion of the fuel bed, either forced in small incre- 
ments by means of a power-driven ram, or continuously by means 
of a screw conveyor. In the lower part of the fuel bed the coal 
is distilled and coked in an oxidizing atmosphere. The hydro- 
carbons burn in an atmosphere rich in oxygen and the gases then 
work their way up through the hot incandescent fuel bed, thus 
lessening the tendency for the formation of soot. The coked 
coal enters the combustion zone from beneath, is burned, and 
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when combustion is complete the remaining cinder is forced out 
onto side dead plates, side dump plates, or rear dump plates, 
depending on the kind of stoker. Underfeed stokers are of the 
single- or multiple-retort type, depending on the number of retorts 
to which the coal is fed. 

In these stokers, the hottest part of the fuel bed is at the top, 
and, as pointed out above, there is practically no chance for soot 


Fie. 121.—Type-H underfeed stoker. (Combustion Engineering Corporation.) 


formation. Thus the boiler tubes are kept clean, good heat 
transfer results, and high efficiencies are possible. Also, no arch 
is used, and a large area of boiler tubes is “‘in sight of”’ the red- 
hot top of the fuel bed. Therefore, a large amount of heat is 
transferred by radiation and the stack temperature remains low 
even with high overloads. This feature is highly important, 
since arches are the most expensive part of a furnace to keep 
in repair. Moreover, there is practically no smoke with high 
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loads and this may be an important consideration in districts 
having strict smoke ordinances. For these reasons underfeed 
stokers are used mainly for high-duty loads and have been 
very successful in large plants for as high as 350 to 400 per 
cent of normal rating. However, due to the high overloads 
carried by these stokers and to the consequent high velocity 
through the fuel bed, a relatively large amount of cinder is blown 
out the stack. The development of large-size multiple-retort 
stokers has been an important factor in determining the trend 


r 
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Fig. 122.—Type-E underfeed stoker. (Combustion Engineering Corporation.) 


of central-station design. In addition to the high capacities 
possible, stand-by and banking losses are low, and the efficiencies 
which can be maintained over a wide range of operating condi- 
tions are high. 

The type-H stoker shown in Fig. 121 is of the underfeed single- 
retort type. Coal from the hopper is fed in the stoker retort 
by means of a screw conveyor. The burning fuel Is forced 
upward and spreads over side grates. Air from a wind box 
below the retort enters through tuyéres, mixes with and burns 
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the volatile matter from the coal and consumes the coke on 
the side grates. This type of stoker is mainly used on industrial 
and heat-treatment furnaces. 

The type-E stoker shown in Fig. 122 is also of the underfeed 
retort type and is adapted for boilers from 150 to 600 hp. Coal 
from the hopper is fed into the retort by a pusher plate which 
forms the bottom of the retort. Grate bars on each side of the 
retort are alternately moving and fixed. The moving bars aid in 
forcing coal from the retort out onto dump trays. Air from a 
central duct beneath the retort is admitted through tuyéres and 
through the grate bars themselves. It is also possible to admit 
pressure air under the dump trays in order to increase the effective 


TUYERES | 
RETORT 


Fia@. 123,—Jones AC underfeed stoker. (Sanford Riley Stoker Company.) 


grate surface or to burn out combustible remaining in the cinders. 
The dump trays are operated from the front of the furnace and 
deliver the cinders to the ash pit, which with this type of stoker 
need not be below the firing-floor level. 

The Jones ‘A-C” stoker shown in Fig. 123 is of the inclined, 
multiple-retort type of underfeed stoker. Coal is fed into the 
retorts by the action of a steam-driven ram. Air from the 
windbox is admitted to the fuel bed through a system of tuyéres 
between the retorts (see the diagram). As combustion pro- 
gresses the fuel is gradually worked back to a dead plate at the 
rear of the furnace. Cinder from the dead plate is gradually 


MECHANICAL STOKERS AND FURNACES 399 


forced onto balancefl dump plates which deliver into an ash 
hopper below. 

The Taylor stoker shown in Fig. 124 is of the inclined multiple- 
retort type, such as are used with large furnaces. The stoker 
consists of inclined retorts divided by raised tuyéres through 
which air is admitted. The fuel is fed into the furnace retorts 
and up over the tuyéres by a main pushing ram. Subsequent 

-motion of the coal down the sloping grate and onto dead plates 
is brought about by the motion of secondary rams which form 


Fic. 124.—Taylor underfeed stoker with rotary ash discharge. (American 
Engineering Company.) 

the bottom of each retort. Air under pressure is admitted 
through the tuyéres and through perforated blocks at the side 
of the stokers. These air-cooled blocks tend to prevent the 
adhesion of clinker to the side walls. The stoker shown in Fig. 
124 is equipped with a rotary clinker grinder, which crushes 
the cinders and delivers them to the ash pit below. This makes 
operation more nearly continuous. 

The Riley stoker, shown in Fig. 125, is of the inclined multiple- 
retort type. Coal from the hopper is forced into the inclined 
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retorts by means of a plunger and is distributed in the furnace 
by a reciprocating motion imparted to the retort sides. The 
coal is distilled in the presence of air, which is admitted through a 
series of perforated grates. The coked fuel from the retorts 
gradually works its way down to ‘“‘overfeed grates,’’ where an 
additional supply of air is admitted to complete the combustion. 
Cinder and refuse are then discharged and crushed by rocker 
plates, which deliver into the ash pit. 

A view, from the rear, looking forward, of the Frederick 
stoker is shown in Fig. 126. This stoker, like the Taylor and the 
Riley, is of the inclined multiple-retort type. The fuel-feeding 
and fuel-agitating parts of the stoker consist of banks of tuyéres, 


Fria. 125,—Riley underfeed stoker. (Sanford Riley Stoker Company.) 


which are cooled by the air which is admitted through them. 
As indicated: in the diagram, there is a row of perforated blocks 
along the side of the stoker; these blocks are also cooled by the 
air passed through them and help to prevent the growth of 
clinker along the side walls. After passing out of the retorts 
the fuel is forced over a short section of overfeed grate bars and 
then onto the dump plate. 

Coals Used with Underfeed Stokers.—Underfeed stokers operate 
on the gas-producer principle and run with thick fuel beds. 
This thickness depends on the stoker and varies from 12 to 24 in. 
Low-grade, high-volatile, or coking coals are often used and slack 
coals or fines are common. This type of stoker is not satisfactory 
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with coals of low-fusifn-point ash, as the ash comes up through 
the highly incandescent fuel bed and is fused into clinkers. 

Draft Requirements with Underfeed Stokers.—All underfeed 
stokers use forced draft, the normal pressure in the windbox 
being from 1 to 3 in. of water, though for high combustion rates 
the pressure may be increased to from 5 to 7 in. of water. In 
general, 1 in. of pressure is required for each 10 lb. of coal burned 
per sq. ft. of grate per hr., although this figure varies with the 


Fie. 126.—Rear view of two-retert section of the Frederick stoker. (Combustion 
Engineering Corporation.) 


size and the ecaking properties of the coal. The maximum rate 
of firing is from 60 to 80 and the normal rate from 30 to 40 lb. 
per sq. ft. of grate per hr. 

Regulation of Combustion Rate with Underfeed Stokers.—The 
combustion rate with underfeed stokers is varied (1) by changing 
the rate of feed, and (2) by changing the amount and the dis- 
tribution of the air. 

Summary on Stokers.—Chain-grate and underfeed stokers 
are used more widely than the overfeed types. In choosing 
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the fuel for use with chain-grate stokers, the combustible matter 
of the coal must be watched—the coal substance must not cake. 
With underfeed stokers, the type of ash is important; it should 
be small in amount and not clinker badly. Overfeed stokers 
while handling any coal or refuse fuel have to be watched and 
controlled by the operators more than the chain-grate or under- 
feed type. Pressure inside the furnace must be avoided, partic- 
ularly with soft coal, if maintenance of furnace walls is to 
be kept down. The salient points concerning the three types 
of mechanical stokers are further summarized in Table 
LXXXVIII, and the combustion rates used in a number of 
American installations are given’ in Table LX XXIX. 


BOILER SETTINGS WITH MECHANICAL STOKERS 


Three main points must be considered in the design and con- 
struction of stoker-fired furnaces: (1) the raw coal must be heated 
properly to its ignition temperature and the temperature must be 
kept high until the gases are burned, (2) the volatile hydro- 
carbons and the combustible gases rising from the fuel bed must 
be adequately mixed with sufficient secondary air, and (3) suffi- 
cient time of contact must be provided for the combustion of 
gases in the combustion space. In the early stages of stoker 
development these factors were not so clearly recognized as at 
present and many installations gave low efficiencies, due to lack of 
appreciation of the necessity for ample combustion space, mixing 
of combustible gas and air, ete. In modern stoker installations 
the three important features are taken care of by the proper 
design of the combustion space, furnace throat, and with chain 
grate or overfeed stokers by means of ignition arches, combustion 
arches, and baffles, as illustrated by the representative furnace 
constructions shown diagrammatically in Figs. 127, 128, 129, and 
130. Figure 127 and 128 illustrate the type of furnace and arch 
construction employed with chain grate and overfeed stokers 
respectively. With these two types a front arch over the grate 
must be provided to ignite the entering coal; the furnace throat 
(7.e., the distance between the front ignition arch and the rear 
wall) must be designed to shield the fuel bed from any excessive 
cooling that may result from too great exposure to the relatively 
cold boiler tubes, and must also promote adequate mixing of the 
combustible gases and secondary air. Figures 129 and 130 
show the application of single- and multiple-retort underfeed 
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Description........ 


TABLE LXXXVIII 
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SUMMARY OF INFORMATION ON STOKERS 


Chain grates 


Fuel from hopper is 
earned horizontally 
into furnace on «a 
continuous web. 
The web is cooled 
coming out through 
the ash pit and re- 
turns to coal hopper. 


Overfeed stokers 


Grate extends from 
hopper into furnace 
at a rather steep in- 
cline, although coal 
only flows down if a 
rocking or plunger 
movement is im- 
parted to grate bars. 


Underfeed stokers 


Raw coal is pushed up 
through the fuel bed 
and cinder falls off 
onto cinder plate. 
Gases are distilled in 
an oxidizing atmo- 
sphere. Capable of 
high overloads. 


Fuel used.......6. 3... 


1. Coke breeze, steam 
sizes of anthracite, 
or 

2. High-volatile mid- 
western coals. In 
general, any non- 
coking, clinkering 
coal may be used, 
but preferably no 
mixtures. 


Natural: 0.25 to 0.60 
in. water. 

Forced: 1- to 2-in. 
water pressure with 
coke. 

1- to 4-in. water pres- 
sure with Illinois and 
similar coals. 


All coals can be used. 


Good _ all-round 
stoker. Is mainly 
used on midwest 


fuels. Coking coals 
ean be used. Will 
burn refuse fuels. 


Natural: 0.25 to 0.6 
in. water. 
Forced: 1- to 3-in. 


water pressure. 


High-volatile coals, 
coking coals, and 
slack or fines may be 
burned. Ash must 
not be easily fusible. 


All forced draft. 


Normal: 2- to 4-in. 
water pressure in 
wind box. 
Maximum: 5- to 7-in. 
water pressure in 
wind box. 


Rate of combustion, 
pounds per sq. ft. 
per hr. 


Average: 30-35. 
Maximum: 45-60. 

10 lb. per 0.1 in. 
water, for natural 
drafts. 


Average: 25-35. 
Maximum: 40-50. 


Average: 30—40. 
Maximum: 60-80. 

10 lb. per 1-in. water 
pressure. 


1. Height of coal gate. 

2. Speed of grate. 

38. Amount and dis- 
tribution of air. 


1. Rate of plunger 
feeder. 


2. Rate of ash re- 
moval. 
3. Amount and dis- 


tribution of air. 


1. Rate of feed. 
2. Amount and dis-~ 
tribution of blast. 


Means of regula- 
tion. 
Miscellaneous... .. . 


Watch for live coals 
going over end of 
grate. 


Fireman needed for 
ash removal at times 
and fire must be 
cleaned, 


Air is admitted over 
clinker plate to burn 


out cinder. Fuel bed 
from 12) to 24 in. 
deep. 
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TABLE 


Ratgn oF Coat BURNING 


Pressure in Draft at 
H f coal 
Plant Stoker rat datnoee Class of coal 


Brunots Island, Pittsburgh, Pa.........| Murphy 0.80 in. 0.80 in. Pitts. bit. 
Marion Station, Jersey City............ Roney 1.08 in. 0.20 in. Lancashire | 
Ashley St. Station, St. Louis........... Westinghouse 3.0 in. 0.85 in. So. IIL bit. 
Ashley St. Station, St. Louis........... Sanford Riley 3.0 in. 0.88 in. So. IL. bit. 
Brunot Island, Pittsburgh, Pa..........| Westinghouse 3.5 in. 0.90 in. Pitts. bit. 
Brunot Island, Pittsburgh, Pa..........| Westinghouse 4.25 in. 0.70 in. Pitts. bit. 
Cannon St., New Bedford..............] Frederick 4.0 in. 0.90 in. New River 
Essex Station, Newark, N. J........... Riley 7.72 in. 0.88 in. Cent. Penn. bit. 
Essex Station, Newark, N. J........... Riley 8.0 in. 0.96 in. Cent. Penn. bit. 
L St. Station, Boston..................| Riley 2.3 in. 0.24 in. New River 

L St. Station, Boston..................] Westinghouse 6.0 in. 2.4 in. New River 
Marion Station, Jersey City............] Westinghouse 5.65 in. 3.43 in. Lancashire 
Schuylkill 42, Philadelphia, Pa......... Taylor 0 to 4 in. 0.9 in. Clearfield bit. 
Sherman Creek, New York City........| Taylor 2 to 6 in. 0.1 to 1.0 in. | Pocahontas 
Waterside #2, New York City..........| Taylor 3.5 to 5.5 in. 0.98 in. East. Penn. 
West End Station, Cincinnati, O...... Westinghouse 3.8 in. 0.89 in. W. Va. bit. 
West End Station, Cincinnati, O..... _.| Westinghouse 3.8 in. 0.63 in. W. Va. bit. 
West End Station, Cincinnati, O....... Sanford Riley 4.5 in. 0.64 in. W. Va. bit. 
Lacombe Station, Denver...,..........] Westinghouse 2 in. 0.5 in. No. Colo. lignite 
South St. Station, Providence......... Taylor 6 in. lin. Penn. semi-bit. 


6th St. Station, Cedar Rapids, Iowa... .| Taylor PS Waukee Iowa. 


Barbadoes Island, Pa..................] Westinghouse 4.5 in. 0.65 in. W. Penn. bit. 
Chester Station, Chester, Pa........... Taylor 0 to 5.2 in. tea tbs Clearfield bit. 
Colfax Station, Cheswick, Pa.......-... Westinghouse 6.5 in. 1.64 in. Bit.-Harwick 
Delaware Station, Philadelphia, Pa... .. Taylor 0 to 7 in. 1.7 in. Clearfield bit. 
Essex Station, Newark, N. J........... Taylor 6.75 in. 1.55 in. Lancashire 
Nssex Station, Newark, N. J.......... Taylor 5.13 in. 1.47 in. C. Penn. bit. 
Hell Gate, New York City.............} Taylor 1 to 6 in. 0.05 to 1.6 in. | Pocahontas 
Windsor-Beach Bottom, W. Va.........] .........- ’ 5.7, 3.48, —1.49 and | Pitts. 48 

3.48 in —1.22 
Windsor-Beach Bottom, W. Va........ Westinghouse &..7,.5.8, 4.4, 4, Pitts. #8 

6 in 1.35 in 

66th St., Brooklyn, N. Y............. Westinghouse Pocahontas 
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LXXXIX ¢ 


on Various Typrss or STOKERS 
a a 


Coal per sq. ft. stoker 


Proximate analysis of coal 
per hr. 


Size Vola- Ash Remarks 


Moist-| tile | Fixed Batu. | fosion lhr. | 2 hr. | Con- 
ure | mat- | carbon Aah Sulfur Sie ak k | tin 
fired) | pera- Pe Dem . 


ter 
ture 


ee ee ee 
Overfeed stokers 


R.0.M.* 1.5 | 34.0 | 54.5 | 10.0 2.0 13, 200} 2500° 54 50 38 | *Run of 
R.O.M. 1.94 | 14.77] 64.04 | 11.19 GT 7) US O10. eectaterc| tie ce ollie lets e - 33.18) mine 


Underfeed Stokers with Ash Dump 


Crushed nut,) 10.9 | 33.76) 43.5 | 11.84 ].......... LOSS TOU oa. 2 55 48/41 
pea & slack} 10.9 | 33.76] 43.5 | 11.84 ].......... 1087 6l ene. 70 60 = | 52 
R.O.M. 3.5 | 32.0 | 53.0 | 11.5 1.4 13,300} 2600°| 52 49 140 
R.0.M. 3.5 | 32.0} 54.0 | 10.5 1.5 13,500) 2600°| 60 56/40 
R.0O.M. 2) Seg (3) (ay Oe nl Oy CO Sd eee eo Aa OO eee 50 44 132.9 
R.O.M. 1.92 | 26.45) 64.73 | 8.82 vm ee Tes 7 |e Denese 80.1 |60.1 
R.O.M. 1.48 | 22.98) 61.59 | 15.48 DBE eal ROMS sak il sicher ill ieee 38.99 
R.O.M. 3.11 | 22.31) 69.17 | 6.08 0.95 |14,603) 2500°) 51.81) 32.4 |22.29 
R.O.M. 3.11 | 22.31] 69.17 | 6.08 0.95 |14, 603) 2500°) 67.0 | 61.0 |49.0 
R.O.M. 4.42 | 18.65) 74.32 | 7.03 BO) NES OAD ats deat os aie earls 39.7 
R.O.M. 2.9 | 20.17) 69.15 | 7.98 1.40 {13,788} 2400°} 41.0] 36.5 |28.0 
Slack 220) LOB 207 6.1 0.6 14,250} 2400°} 52 50/38 
R.O.M. 2.8 | 16.8 | 72.9 7.5 1.47 |14,077| 2750°| 68 58-140 
Nut & slack] 4.5 | 35.95) 53.55 | 10.5 1.00 {12,850} 2500°] 73.3 | 64.8 /44.8 
Nut &slack| 4.5 | 35.95) 53.55 | 10.5 1.00 {12,850} 2500°} 68.5] 58.7 |46.7 
Nut &slack| 4.5 | 35.95) 53.55 | 10.5 1.00 |12,850} 2500°} 74.3 | 71.0 /45.8 
Slack 24 28 44.5 3.5 0.35 9,300} 2100? | 72.5] 72.5 |49.0 
Crushed 3.22 | 19.26] 66.63 | 10.89 Peay BE Sey 159 ee ar 45.3 | 45.3 39.5 
Neganvisoreen|| 1854 [ie se) este esas le ere tat caren SOON racine D2 iat sept 46.6 


Underfeed Stokers with Clinker Grinders 


ROM. | 1.22 | 21.64] 69.63 | 7.51] 1.81 [14,274] 300°} 67.0| 60.0 |50.5 
R.O.M. | 2.83 | 20.21] 65.03 | 8.93 | 1.088 |13,736] 2500°| 48 43 [32.5 
R.O.M. | 3.0 | 32.5] 54.5 | 10.0 1.3 |12,800] 2500°| 102 |....... 86 
R.O.M. | 2.74 | 23.94] 64.96] 8.36] 1.29 |13,775| 2500°| 54 48 |36.5 
ROME otss) nod, Gnesi 9.48 ||| 2.00. 134872|0... | .anccrn “67 |43.4 |*3 hr. test 
ROM ies ites 28) 6a. 1001 |) 24 |113,600)....., |)... <2 *2.2 [43.6 |*3 hr. test 
Slack 2.87 | 19.82| 70.30 | 7.01|° 0.64 14,122] 2400°]....... 37 -|26 
4 35.82| 48.86 | 11.32| 2 12,422] 2100°| *65.2 |**59.7 ]49.3 | *4 hr.- 
a 
Crushed 4,34 | 36.15] 48.05 | 11.46] 2 12,134] 2100°| *61 |**58.3 [50.9 | *4 br.- 
R.0.M. #8 hr. 
| 3.7 | 21.5 | 71.3 | 7.2 0.8 [13,980] Over }....... ere 68 
2500° 
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TABLE LXXXIX.— 


Pressure in Draft at 


Plant Stoker anne damper 


Class of coal 


‘AshleysStss ot. louis. Mopars erstpor OCC Wf cneerecrncianst an 83 in. So. Ill. screen. 
Ashley St., St. Louis, Mo.............. Greeny, © I saem>oe. 0.78 in. So. Ill. screen. 
Brunot Island, Pittsburgh, Pa..........|Green | .......-... 0.75 in. Pitts. bit. 


6th St. Station, Cedar Rapids, Jowa....| Green  =—S—«<Yw = = we ff oe ee Harrisburg, Ill. 
6th’ St, Station, Cedar) Rapids, lowa.....|(Greem 9 7 i) siento aicrree | enti ee Montgomery Co. 
Northeast Station, Kansas City........ Bian Wi oe: lnemeceeeecens 0.4 to 2.2in. | Springfield 
Northeast Station, Kansas City........ Bsn) We als acae Seclen 1.2 to 1.8 in. | Missouri bit. 
Northeast Station, Kansas City........ Bxsard Wie ||/s eee eeeers 0.4 to 1.3 in. | Kansas bit. 


Northeast Station, Kansas City........ Brand Wy | acansetess Jomsneusntess Ok. semi-anth. 


Nebraska Power, Omaha.............. Coxe “E” 2.5 in. 1.3 in. Kansas bit. 
Nebraska Power, Omaha.............- Coxe “E” 220 im. 1.5 in. Cent. Ill. bit. 
Nebraska Power, Omaha.............. Coxe “Hi” 2.8 in. 1.5 in. So. Ill. bit. 
Nebraska Power, Omaha.............. Coxe “E” 2.0 in. 0.9 in. Missouri bit. 
Northeast Station, Kansas City. ....... Illinois 1 to 2in. 0.6 to 0.9 in. | Ill. bit. 
Northeast Station, Kansas City........ Coxe 1 to 2 in. 0.6 to 1.5 in. | Missouri bit. 
Northeast Station, Kansas City........ Coxe 1 to 2 in. 0.4 to 1.5 in. | Ill. bit. 
Northeast Station, Kansas City........ Coxe 1 to 2 in. 0.8 to 2 in. Kansas bit. 
Northeast Station, Kansas City........ Illinois 1 to 2 in. 0.6 to 1.9 in. | Kansas bit. 


Pee clint ea eee Cee meae ; 5.1in. 0.3 in. Panther anth. 
Hato, AP it eet eenisits ck ore terete aes Coxe 4.12 m. —0.76 in. Panther anth. 


Milton, Miltont Pat se, skwenees cece’ Coxe Ting 61 Geiet ees. e Shamokin anth. 
Northeast Station, Kansas City. ....... Coxe 1.5 to 3in. | 0.65 to 1.5 in.| Ark. anth. 
Northeast Station, Kansas City. .......| Illinois 1 to 2 in. 0.6 to2in. | Ark, anth. 
Northeast Station Kansas City........ Coxe 1.7 to2.7in.| 0.7 to 1.5 in. | Okla semi-anth. 
Amsterdam, Amsterdam, N. Y......... Coxe 3 in. 2 in. max.* | Scranton anth. 


Harwood Mines, Harwood.............| Coxe 4in. 0.5 to 1.47 in. | Hazleton anth. 
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(Continued). ¢ 
Proximate analysis of coal Coal per sq. ft. stoker 
per hr. 
Size Vola: Ash Remarks 
Moist-| tle | Fixed r Bea SURG Gh EY] Cae 
ure mat- | carbon oe Sulfur an peak ak | tin. 
ter fired) | pera- . ; 
ture 
Chain Grates (Natural Draft) 
Nut, pea | 12.5 104221). os. 43 43 |43 
& slack 12.2 SB OVO eos 40 40 40 
Slack 5.0 12, 600} 2800°} 32 30.5 |27 
144 in. screen| 12.8 BO: CON crs te er siotyg| ect eae 30.7 
er eety ce eka 18.4 9,150)......| 45 shan Bou [OU 
R.0.M. 15.81 | 28.9) 9, 592} 2050° |40 to 50/40 to 50/38 
R.0.M. 17.6 21.6 8,009} 1950° |40 to 45}40 to 45/35 
Slack 7.3 29.33] 48.44 | 14.93 3to4 |11,612) 2050° |35 to 40/35 to 40/35 
Slack 8.66 | 12.17] 65.2 13.97 1to2 {11,888} 2000° |35 to 40/35 to 40/35 


Chain Grates (Forced Draft) Bituminous Coals 


Mill 11.0 | 26.3 | 44.9 | 17.8 3.27 |10,507) 2170°| 71 65 = |56 

#5 screen | 11.5 | 31.5 | 41.8 | 15.2 3.08  |10,293) 2160°| 64 59 [53 
34 in. screen} 9.1 | 28 50.7 | 12.2 2.78  |11,320] 2175°| 74 65 = |59 
Mill 13.4 | 30.0 | 38.8 | 17.8 5.79  |10, 149] 1990°| 59 57/55 
Slack 15.81 | 28.96] 39.32 | 15.91 4to5 9,592] 2000°} 55 55 40 
Slack 17.6 | 21.68} 34.58 | 26.14 4to5 8,009] 1950°} 55 55/40 
Slack 15.81 | 28.96] 39.32 | 15.91 4 to 5 9,592) 2000°| 60 60 |40 
Slack 7.3 | 29.33) 48.44 | 14.93 3to4 11,672] 2000° |65 to 70/65 to 70/40 
Slack 7.3 | 29.33] 48.44 | 14.93 3 to4 |11,672| 2000° |60 to 65|60 to 65/40 
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stokers to boiler furnaces, and illustrate the relatively simple 
construction (freedom from arches) possible with this type. 

Certain features of furnace design, such as average size of com- 
bustion space, arch construction, the application of baffles for 
controlling the path of gases within the furnace, and various 
means of cooling furnace walls in order to prevent excessive 
depreciation, are taken up below. 
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Fie. 127.—Coxe chain-grate stoker installed under a cross-drum boiler. Set- 
ting designed for burning midwest semi-bituminous coal. (Combustion Engineer- 
ing Corporation.) 


Average Size of Combustion Space.—In several large central 
stations using forced-draft chain-grate stokers, about 38,000 
B.t.u. per hr. are liberated in each cu. ft. of combustion space. 
The average furnace volume is from 2 to 414 cu. ft. per 10 sq. 
ft. of boiler heating surface. !° 

With underfeed stokers the size of combustion space is such 
that from about 30,000 to 46,000 B.t.u. are liberated per cu. ft. 
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of combustion spacé per hr., depending on the coal used. The 


average for seven of the large American central stations is about 
38,000 B.t.u. per cu. ft. of combustion space per hr. From 3 to 
419 cu. ft. of combustion space are provided per 10 sq. ft. of 
boiler heating surface. !° 

These data for the amount of heat liberated per cu. ft. of 
combustion space with mechanical stokers are to be compared 
with central-station practice in powdered-coal and _oil-fired 


Fig. 128.—Westinghouse Roney stoker applied to a B. & W. boiler. (Westing- 
house Electric & Manufacturing Co.) 


furnaces. The average for six of the largest powdered-coal 
installations is about 18,500 B.t.u. liberated per cu. ft. of com- 
bustion space per hr., and for three oil-burning stations is about 
35,000 B.t.u. liberated per cu. ft. per hr. 
Arches.—The ignition arch over the front portion of a chain 
grate or overfeed stoker has three main functions: (1) to heat up, 
distill, and ignite the incoming coal; (2) to mix the air and com- 
bustible gases; and (3) by regulating the path of the gases, to 
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promote mixing, prevent stratification, and direct the gases 
toward the heat-absorbing surfaces of the furnace. The rate of 
heat flow from the combustion space toward the front of the 
grate must be exactly the same as the rate of grate or fuel travel 
into the furnace. If the rate of heat flow is less, the combustion 
zone will move further and further into the furnace, and finally 
the fire will go out. If the rate of heat flow is greater than the 
rate of grate or fuel travel, the combustion zone will work gradu- 
ally back toward the feed hoppers, the coal will all be burned before 
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Fig. 129.—Type-E underfeed stoker applied to a Heine boiler. (Combustion 
Engineering Corporation.) 


the grate enters the ash pit, and a large amount of excess air 
can enter on account of the decreased resistance of the fuel bed. 

~The main variables affecting the length of arch to be employed 
in a given case are: (1) the heating value of the coal, and (2) the 
rate at which the coal is to be ignited. For this second factor 
Marsh$ has used the term “ignition rate,’’ z.e., the pounds of 
coal ignited per ft. of stoker width per hr. For example, if the 
firing rate is 30 Ib. per sq. ft. of grate per hr. and the grate travel 
is 10 ft., the “ignition rate” is 30 X 10, or 300 lb. of coal ignited 
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¢ 
per ft. of stoker width per hr. The approximate length of arch 
required to ignite a coal containing about 25 per cent volatile 
matter can be determined (for natural-draft conditions) with 
the aid of the formula:* 


L = [1.0 + 0.16(2 Btu) aa! 
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Fiqa. 130.—Installation of Westinghouse underfeed stoker. (Westinghouse 
Electric & Manufacturing Co.) 


where L equals the length of arch in feet, B.t.u. signifies the 
heating value of the coal in B.t.u., and W is the ignition rate as 
previously defined. For example, the length of arch to be used 


* Adapted from data given by Marsu.® 
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with a stoker 15 ft. in length, burning 25 lb. of a 12,000 B.t.u. 
coal per sq. ft. of grate per hr., is determined as follows: 
15,000 — 12,000 (25 X 15 
ee [1.0 a 0.16( 1000 | 100 ) 
= [1.0 + 0.4813.75 = 5.5 ft. length of arch. 


These figures apply to natural-draft conditions and for the 
combustion of a bituminous coal containing 25 per cent or more 
of volatile matter. With coals of lower volatile matter or with 
coals of lower B.t.u. the arch length must be increased. Pres- 


Fra. 131.—Reverse arch construction employed at the Adirondack Power and 
Light Co. 


ent practice as to the height of arch’ is to set the arches, in 
natural-draft installations (in which the combustion rates are 
necessarily low), from 2 to 3 ft. above the grate with a slope of 
2 to 3 in. per ft. toward the rear; forced-draft arches are higher 
and flatter than natural-draft arches, on account of the higher 
combustion rates, and commonly are set at least 4 ft. above the 
grate with pitch of 1 in. per ft. toward the rear of the furnace. 

A second important function of arches is to promote mixing 
of the combustible gases and air, thus utilizing the available 
combustion space most efficiently. The effect of arch construc- 
tion and of the use of auxiliary mixing arches is convincingly 
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shown by a series of experiments recently carried out? by the 
Adirondack Power & Light Co. A series of tests were made on 
three boilers using Coxe stokers for burning small sizes of anthra- 
cite. One boiler was of the customary design for use with 
the Coxe stoker, such as has already been shown in Fig. 127. 
The second boiler, as indicated in Fig. 131, was equipped with a 
reverse arch, designed to bring forward any air coming up 
through the ash-pit end of the grate and mix it with the combusti- 
ble gases. The third boiler tested was equipped not only with 
front and rear arches, but also with a third mixing arch above 
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Fic. 132.—Boiler setting showing reverse arch and mixing arch construction. 


the two lower arches as indicated in Fig. 132. The superiority 
of the setting illustrated in Fig. 132 over the other two settings 
as regards overall efficiency is shown by Fig. 133, in which the 
results of the tests are given graphically. This chart clearly 
shows that the boiler with the three arches (7.e., Fig. 132, called 
boiler No. 1, and results shown with full line in Fig. 133) gave 
a much higher and more uniform percentage of CO. in the stack 
gases, had less loss as carbon in the cinder, and showed con- 
siderably higher combined efficiency than either of the other 
two settings. 
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Details of several types of arch construction and of the method 
of hanging tile are shown in Fig. 134. Arch maintenance is 
apt to be high on account of the exposure to intense heat, and 
the construction always should be such that replacements are 
easy. 

- Furnace Throat.—The furnace throat (that is, the narrowest 
) width between the front and the rear arches), if too large, causes 
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Fira. 133.—Results of tests showing effect of arch construction on boiler operation. 


a cold fuel bed on account of too complete exposure to the cool 
boiler tubes. A small throat, on the other hand, promotes good 
mixing of the combustible gases and air, gives good efficiencies 
(little or no CO is left unburned in the stack gases), and main- 
tains the proper hearth temperature. If the throat is too small, 
a high pressure drop is created (if not venturi shaped), the 
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capacity is lowered, and the efficiency drops because too little 
heat is transmitted by radiation. In general, the area of the 
furnace throat should be about one-third of the grate area. 

Baffles.—BafHles are placed in furnaces or among boiler tubes 
to direct the flow of the hot gases and to eliminate ‘‘dead spaces”’ 
where the stagnant gas reduces the rate of heat transfer. In 
boilers these baffles may be either vertical or horizontal. 
Vertical baffles in a horizontal-tube boiler (as illustrated in Fig. 
128) force the gases up and down across the boiler tubes. They 
require a higher stack draft to pull the gases through the furnace 
but give better transfer of heat from the gases to the tubes and 
consequently give a lower stack temperature. With horizontal 
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Fic. 134.—Types of arch construction. (A) Method of hanging tile, The 
M. H. Detrick Co., (B) method of suspending Detrick flat arch, (C) McLeod 
and Henry Co. suspended arch, (D-1) (D-2) Liptak double suspended arch 
construction, (E) method of suspending sloping arch, Bigelow Arch Company. 


baffles (see Fig. 129) the path of the gases is largely parallel to the 
tubes and in consequence the draft required is less, but the stack 
temperature is higher than with vertical baffles. Horizontal 
baffles, however, are easier to clean and to keep tight, and tube 
replacement is, in general, simpler than with the vertical type. 

The flue gases are, of course, cooled in passing over the heat- 
absorbing surfaces of the boiler, and the baffled passages usually 
are constricted in the direction of cooling to decrease the cross- 
section and thus maintain an essentially uniform gas velocity 
over the tubes. The gas velocities employed range from about 
25 to 40 ft. per sec. It is important to avoid such marked 


416 FUELS AND THEIR COMBUSTION 


constriction as will greatly lower the draft and therefore seriously 
limit the capacity. 

Water-cooled and Air-cooled Furnace Walls.—The main-_ 
tenance of furnace linings has become a serious problem with the 
growing use of large furnaces and the demands for high capacities. 
The melting and the erosion of refractories, and the adhesion of _ 


Fig. 135.—Water-cooled (fin-tube) furnace for underfeed stoker setting. 


clinker to the walls, have been two of the major problems in the 
development of powdered-coal firing (see Chap. XV) and recently 
have caused a great deal of trouble in stoker-fired furnaces. In 
powdered-coal installations the trouble has been overcome to 
a great extent by water cooling and air cooling the furnace walls. 
These two methods have been applied recently to stoker-fired fur- 
naces, and although they are still relatively new developments, 
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water cooling seems to offer greater possibilities than air cooling, 
particularly with large-size multiple-retort underfeed stokers. 
Some operators have felt that trouble would be experienced in 
attempting to apply hollow air-cooled walls to stoker furnaces on 
account of the high air pressures ordinarily used. 

Water-cooled furnace walls* usually are composed of water- 
filled upright tubes or flat elements which are connected with the 
circulating system of the boiler. These water-cooled elements 
absorb a large amount of heat from the fuel bed by radiation, 
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Fie. 136.—Air-cooled furnace blocks for preventing clinker adhesion to side 
walls. 


thus adding considerable extra heat-absorbing surface to. the 
boiler. They eliminate erosion of the refractory walls, prevent 
clinker adhesion, and markedly lower radiation losses. The fur- 
nace efficiency is therefore increased, unless so much cooling 
surface is exposed that combustion is retarded and there is a loss 
of unburned fuel up the stack and in the cinder. 

One type of water-cooled furnace (the “fin furnace’’) is shown 
in Fig. 135. The front and rear walls of this furnace are simple 
vertical walls. The side walls, however, are almost entirely 
composed of 4-in. water tubes, about 20 ft. long, set on 7 3g-in. 
centers. These tubes are connected with the boiler circulation, 
and each tube has a fin about 219 in. wide welded on either side. 
These fins receive radiant heat from the furnace and transmit it 
by conduction to the water tubes. The tubes are backed by 

* The subject of water cooling of furnace walls is also taken up in Chap. 
XV, p. 458. 
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special tile, insulating material, and a steel casing which forms 
the outer shell of the furnace. A series of tests conducted on a 
boiler with this type of construction have shown excellent results, 
the combined efficiency of the boiler, furnace, grate, and econo- 
mizer being 86.8 per cent at 243 per cent of rating, and 81.5 per 


cent at 346, per cent of boiler rating. 


A second method of cooling the walls and preventing clinker 
adhesion is illustrated by Fig. 136.--A bank of perforated refrac- 
tory blocks is installed in the side, front, and bridge walls of the 
furnace on the level with, as well as extending above, the fire 
line. The secondary air which must be added above the fuel bed 
is admitted in thin jets through the perforated blocks, cooling © 
them and decreasing the formation of troublesome clinker along 
the sides. In the installation shown in Fig. 136, the line of side- 
wall blocks extended considerably above the fire line and the 
admission of too much secondary air through the unobstructed 
holes caused trouble. In this particular case it was found neces- 
sary to plug about one-third of the holes in the side-wall blocks. 


AIR PREHEATERS AND THE USE OF PREHEATED AIR 


Regeneration and recuperation (see Chap. XI) have been used 
for a long time in the metal industries in order to recover heat 
from the stack gases and to raise furnace temperature, but the 
active application of air preheaters to boiler furnaces is of rela- 
tively recent origin.'!!?:18 The earliest recorded air-preheating 
system made in the United States—installed by Hoadly in 
Lawrence, Mass., in 1882—clearly demonstrated the gain in 
efficiency made possible by preheating the entering air by means 
of the hot flue gases. Active interest in the United States 
concerning this important subject dates back only three or four 
years in spite of the success of Hoadly and in spite of the develop- 
ment of preheaters in Europe. The preheaters which have 
been installed in the United States in the past few years have 
demonstrated the value of this type of equipment and many of 
the large power stations now being erected include air preheaters. 
These heaters are as well adapted (and in some respects better 
adapted) for use with oil-fired and powdered-coal-fired furnaces, 
as they are with stoker-fired furnaces. The remainder of this 
chapter is devoted to a description of various types of air pre- 
heaters now in use, and to a discussion of the results which have 
been obtained by using preheated air in boiler furnaces. 
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Types of Air Prehoaters 4=Pide-pasto-air preheaters now in 
use are of three types: (1) the plate type, in which the flue gas 
and the air are passed countercurrently through alternate spaces 
divided by thin, flat plates; (2) the tubular type, in which air 
is passed countercurrently over the outside of tubular elements 
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Fig. 137.—Plate type of flue-gas air preheater. 


through which the flue gas is exhausted to the stack; and (3) 
the rotating type, in which hot flue gas and air pass counter- 
currently through a divided cylindrical passage; a rotating 
element in the cylindrical passage absorbs heat from the flue gas 
on one side of a central dividing partition, and as the heated 
section rotates into the air side of the passage the heat is trans- 
ferred to the air. 


* Descriptions of a number of preheaters not discussed in this section 
are given in reference 12 of the Bibliography. 
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In the heater of the plate type (Combustion Engineering 
Corporation) shown” in Fig. 137, the flat plates are welded in 
place. Angle irons between the plates are used to prevent 
shortcircuiting of either gas or air, and to give a uniform rate of 
heat transfer. The gas and the air pass countercurrent to each 
other, as indicated by the arrows in the diagram, and suction 
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Fig. 138.—Tubular type of flue gas air preheater. 


from the fan used to force air into the furnace is utilized to pull 
air through the preheater. Any particles of dirt lodging on the 
gas passages can be removed by brushing from the top into a 
soot hopper below the preheater. Stack-gas by-passes around 
the preheater may be used to increase the uptake openings in 
order to take care of the large volumes of gas leaving the furnace 
under peak-load conditions. 
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In the tubular aif preheater (one type of Babcock & Wilcox 
Co.) shown in Fig. 138, the stack gas passes up through a 
number of staggered 2-in. tubes. Air is distributed over the 
outside surface of the tubes by a series of baffle plates as indi- 
cated. This type of preheater is cheap to construct and affords 
a good opportunity to make the preheater free from leaks. 
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Fra. 139.—Ljungstrom type of rotating flue gas air preheater. 


A rotating type of preheater developed by Ljungstrom is 
shown in Fig. 139. As indicated, the heater is divided into 
two vertical compartments; air is drawn down through one and 
hot flue gases are passed up through the other. A rotating heat 
exchanger occupies the middle of the preheater. This heat 
exchanger is composed of concentric, alternate elements of thin 
corrugated steel and of plain sheet steel. In this manner a 
large number of vertical passages are provided for the free up or 
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downward movement of the air and gas. This heat exchanger 
rotates about six times a minute, being heated by the flue gas 
while on the flue-gas side of the central dividing partition, and 
giving up heat to the air on the other side. Packing above and 
below the rotating exchanger allows very little clearance and 
prevents excessive leakage of air into the flue-gas chamber. 
Leakage is further reduced by dead spaces which separate the 
flue-gas section from the air section. A forced-draft fan is used to 
drive air through the preheater, and a second fan mounted on the 
same shaft is used to exhaust the stack gases. The flue-gas sec- 
tion is larger than the air section on account of the increased 
flue-gas volume as compared with the volume of entering air. 
With this type of preheater, air may be preheated to 300°F. 
or better. 

In several preheaters now being installed, steam bled from the 
main turbine is used to preheat the air. These preheaters are 
usually of the plate or tubular type. 

Results Obtained with Preheated Air.—Although air pre- 
heaters have been adopted but recently for boiler furnaces in the 
United States, and test data are still incomplete, it has been 
demonstrated that the use of preheated air possesses several 
important advantages over and above the recovery of heat from 
the stack gases. Furnaces equipped with air preheaters and 
using only the moderate degrees of preheat adopted in the 
early American installations (200 to 300°F., or 110 to 170°C.) 
have shown an increase in efficiency of from 4 to 10 per cent. 
The total efficiency increase is due to the net effect, (1) of the 
actual recovery of heat and its return to the furnace, and (2) an 
added gain due to an increased temperature in the furnace. As 
pointed out in Chap. VIII, all combustion reactions are greatly 
speeded up by increasing the temperature, and with preheated 
air it is therefore possible to obtain more nearly complete combus- 
tion, not only on the grate, but also in the combustion space, 
with lower percentages of excess air. This increases the effi- 
ciency, makes possible higher combustion rates, lowers the ash- 
pit loss, and offers interesting possibilities with regard to the 
combustion of low-grade, high-moisture fuels. In chemical 
and metallurgical furnaces in which heat for chemical reactions 
or melting has to be supplied at high-temperature levels, preheat- 
ing air greatly increases the fuel efficiency over and above that 
saved directly by the preheater. 
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Clarke, on Meee of tests made on a plate type of pre- 
heater at the Colfax station of the Duquesne Light Company, 
has presented the results shown graphically in Fig. 140. This 
figure shows the comparative performance of the boiler tested, 
both with or without preheated air. The increase in efficiency 
due to preheated air, as indicated by the curves in the upper 
part of the diagram, ranged from a 519 per cent increase at 114 
percent of rating, to a 7 per cent increase at 200 per cent of 
rating. The general effect of this increase is to “flatten” the 
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Fie. 140.—Comparative performance of boiler with and without preheated air. 


efficiency curve, and to make higher ratings possible and still 
maintain high efficiency. The temperature to which the air 
was preheated was higher at the high ratings, in spite of the 
larger amount of air which passed through the preheater. This 
is due to the fact that the temperature of the flue gases is 
increased, there is a greater temperature difference between flue 
gas and air, and greater heat transfer is possible. Figure 140 
shows the high CO, content of the gases (low excess air) possible 
with the preheater in operation, and the curves of “per cent 
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combustible in ash’? demonstrate the lower ash-pit losses when 
preheated air is used. 

An analysis of the difference in efficiency with and without 
air preheating is given in Fig. 141. The lower heavy line 
represents the efficiency without preheated air and the upper 
heavy curve shows the efficiency with the preheater in use. The 
heat recovered from the stack gases is seen to be the major gain, 
but the decreased loss due to unburned carbon in the cinder 
(represented by the space between the lines AB and EF) is also 
very important. There was a slight additional loss due to radia- 
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Fre. 141.—Decreased losses with preheated air. 


tion and unaccounted-for losses, but the net result was, never- 
theless, a highly important gain in efficiency. 

In these tests reported by Clarke, the air was not highly pre- 
heated (below 250°F., or 121°C.) and no trouble was experienced 
due to clinker formation resulting from the increased tempera- 
ture in the fuel bed. In one installation in this country, however, 
in which the air was preheated to about 500°F. (260°C.) and coal 
with a moderately clinkering ash was burned with an underfeed 
stoker, difficulties with clinker formation were encountered when 
attempts were made to carry heavy loads. The remedy for 
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this situation would appear to lie in water cooling of the furnace 
walls, and the future trend of stoker furnaces will probably be 
toward the use of highly preheated air and the application of 
more or less complete water cooling of the furnaces in order to 
decrease radiation, prevent clinker troubles, and lower furnace- 
maintenance costs. 
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CHAPTER XV 
POWDERED COAL 


It has already been pointed out that the combustion of coal 
takes place in two steps, first, the separation of the coal into the 
elementary fuels, gaseous hydrocarbons and coke; and, second, 
the combustion of these elementary fuels. In the ordinary coal- 
fired furnace, the volatile matter is driven off as the coal is fed 
onto the grate and the coke left behind combines with the primary 
air. With powdered coal, on the other hand, the fuel, mixed with 
the proper amount of air for economical combustion, is injected 
into the hot furnace in a finely divided state. Under these con- 
ditions, the distillation of the volatile matter takes place almost 
instantaneously and the small size* of the resulting coke par- 
ticles makes it relatively easy for the amount of oxygen necessary 
for their combustion to diffuse in to the carbon surface. For this 
reason, although not strictly true, the combustion of powdered 
coal has been called ‘‘one-stage combustion.” 

In some ways the burning of powdered coal is like the burning 
of a combustible gas; both types of fuels possess certain advantages 
in common and, with both, one of the main problems is the 
thorough mixing of the fuel (powdered coal or combustible gas) 
with the air required for combustion. Powdered-coal burners are 
even modeled to some extent along the lines of burners for blast- 
furnace gas. 

In addition to the problem of mixing, powdered coal burning 
has other more pressing problems. First, before burning, the 
coal must be properly prepared, that is, crushed, pulverized, and 
in many cases dried before pulverizing. This preparation requires 
special equipment which may not be justified if the plant is small. 
Furthermore, due to the high temperature of the solid coal and 

* Since the rate of the reaction between oxygen and solid carbon depends 
on the amount of surface exposed (see Chap. VIII), it is interesting to com- 
pare coal as ordinarily fired with powdered fuel on this basis. Thus a piece 
of coal 1 in. cube has 6 sq. in. of surface, but when pulverized to pass through 
a 200-mesh screen it has over 4400 sq. in. It is at once evident that in the 


powdered condition combustion must be very much more rapid. 
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ash particles smiths the furnace, a large amount of heat is 
radiated directly to the furnace walls and the resulting high tem- 
peratures within the furnace may cause the coal ash to fuse. 
This impedes ash removal, and the molten ash may combine 
with and seriously erode the refractory furnace lining. 

Offsetting these difficulties, powdered coal possesses many 
advantages, the most important being: (1) great flexibility and, 
therefore, low stand-by and low banking losses, (2) high thermal 
efficiency, and (3) low cost of operation and maintenance. These 
and other advantages are discussed more thoroughly in the 
latter part of this chapter. The advisability of using coal in a 
pulverized form depends on the balancing of the advantages to be 
gained from an almost perfect method of combustion against the 
cost of pulverizing and the difficulties of handling the ash. 

The Development of Powdered-coal Firing.—The first attempt 
to utilize powdered coal was made by Neipce in 1818, but this 
installation, as well as that of Henchal in 1831, failed, probably 
on account of the relatively coarse coal particles used. The first 
really successful application was in 1895, when the Atlas Portland 
Cement Company began to use powdered coal in firing cement 
kilns. 

At the present time (1925) the total amount of pulverized coal 
that is being consumed by the various industries in the United 
States is about 20,000,000 tons per year, divided* as follows: 


Tons 
Portland-cement indusiny......---..+.+...+-.. 8,000,000 
Genenaneckpower eer et rn er cet erinr o:,000,, 000 
Irom andisteel maustryve: 2 eee see as. 35.000,000 
Goppen indusityeee eee aes ec aan 2,000,000 
Misco LancoUs tt eae tr den etter ee ail O00 O00 
20,000 , 000 


In 1918 only about 200,000 tons of coal were pulverized for power- 
generation purposes, the actual amount of boiler-heating surface 
fired by pulverized coal at that time being less than 200,000 sq. ft. 
The growth of powdered-coal application in the power-genera- 
tion field has been the most striking feature of the development of 
this type of fuel utilization, as indicated by Fig. 142. This figure 
shows how rapidly the amount of boiler-heating surface fired 
with powdered coal has increased—from less than 200,000 sq. ft. 
in 1918 to over 2,000,000 sq. ft. in 1925, or an increase of over 100 
* Data from Fuller-Lehigh Company. 
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fold in seven years. H. W. Brooks‘ of the U. S. Bureau of Mines 
estimates that the use of powdered coal is increasing (in 1925) at 
the rate of 200 per cent per year. The increase is due largely to 
the enormous expansion in the boiler field, particularly in large 
central stations, and in replacing fuel oil in the localities where 
the price of this latter fuel has increased greatly. 
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Fia. 142.—Heating surface of pulverized-coal-fired boilers in operation or under 
construction. (Data from Fuller Lehigh Company.) 


POWDERED-COAL PREPARATION 


Powdered coal installations may be divided into two main 
classes: (1) unit systems, in which the coal is pulverized and 
delivered (with a large proportion of the air for combustion) to 
the furnace by a single machine; and (2) the storage system, in 
which the coal is prepared centrally in a separate plant, stored, 
and then transported to the individual furnaces.* The operation 
of the unit system will be described first. 


* or : | $9] sap] ; * 
For a more detailed description of powdered-coal equipment, furnaces, 
costs, etc., the reader is referred to BuizARD,! Harvey,? and Couz.3 
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The Unit System.—In unit systems of powdered-coal utiliza- 
tion, such as shown in Fig. 143, coal, crushed so as to pass a 114- 
in. ring, is fed from an overhead storage bin through a hopper 
to the pulverizer. The pulverizer (of which one type is shown 
in detail in Fig. 144) usually consists of a rotor composed of 
pulverizing elements and a fan mounted on a single shaft. The 
fan serves a dual purpose. First it carries the finely ground 
coal particles out of the pulverizer to the burner at the furnace, 
leaving behind the coarse particles for further pulverizing and, 


Fie. 143.—Unit system of coal pulverization applied to boiler. (Hrie City 
Iron Works.) 


second, it supplies and mixes with the coal some of the aid 
required for combustion. Pulverized-coal burners are described 
later (p. 448). A unit system in which a tube mill is employed 
is shown in Fig. 145. Coal from the hopper falls on to a dise 
feeder and is fed into the tube or ball mill. A current of primary 
air, preheated by passing through the hollow walls of the furnace, 
is drawn through the mill, where it picks up and mixes with the 
powdered coal and carries it to a burner at the furnace front. 
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Additional secondary air can be admitted through adjustable 
openings around the burner. The use of a tube mill does away 
with dangers from ‘“‘tramp” iron, since any which may acci- 
dentally enter the system merely acts as an additional grinding 
element within the mill. Tube mills possess the advantage of 
delivering a uniformly fine product, which should aid in cutting 
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Fig. 144.—Unit-system coal pulverizer. (Hrie City Iron Works.) 
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Fie. 145.—Unit powdered coal system using air-swept tube mill. (The 
Kennedy-Van Saun Manufacturing & Engineering Co.) 
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down the size of furnace required. The air supply may be 
adjusted at will, the usual practice with unit systems being to 
admit the major part (75 per cent) of the air for combustion 
through the pulverizer. 

When this large amount of “primary” air is supplied with 
the coal the flame is short, and it is more difficult to ignite the 
coal-air stream than if the coal is premixed with a lesser amount 
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of air (the balance Being added after the burner is lighted and 
mixed in just after entrance into the furnace). Certain of the 
latest types of unit pulverizers can separate and deliver finely 
pulverized coal to the furnace, using only 25 per cent of the total 
air required for combustion. Ignition is easy with this type of 
pulverizer. 


Fig. 146.—Simplex unit pulverizer with gyratory crusher. (Furnace Engineer- 
ing Company.) 


The particular advantages of the unit system are: 

1. No storage of pulverized coal is required. This fact 
simplifies plant construction, cuts down the cost of installation, 
and reduces the fire hazard. 

2. The air and the pulverized coal are mixed and delivered 
by the pulverizing unit, thus rendering unnecessary auxiliary 
blowers and simplifying burner design. 
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3. The floor space required is small. For example, the unit 
pulverizer shown in Fig. 146, which includes a crusher, pulverizer, 
and fan, requires only 10 sq. ft. of floor area per ton of coal 
handled per hr. 

Until quite recently unit systems have been used only in the 
smaller power plants, consuming, say, under 50 tons of coal per 
day. This was due: (1) to the fact that each unit pulverizer had 
only a small capacity, and (2) to the high power consumption as 
compared with the storage system. Lately, however, they are 
being made in larger units (varying from 14 to 5 tons per hr.)and, 
as a result, the power consumption compares quite favorably 
with the storage system. 

The power usually required to operate the various parts of a 
moderate-sized unit system is approximately as shown in Table 
XC: 

TABLE XC 
Power Consumption or Untr PowprRED-CoaL SySTEM 


Power PER 2000 Ls. 
Coa. PER Hr., 
KILOWATT-HOURS 


Pulverizer (including fan).. ee 3h eae ER 20.0 
Magnetic separator (for enn of tae san). eee has 
Coal crusher (if coal will not pass through 116-in. Te. 0.5 
Elevating coal to bunker, , ee ey an as 0.5 


Assuming 2 lb. of coal per kw.-hr., only 2.25 per cent of the total 
energy of the coal is used for pulverizing and for supplying air. 
Se a xX 100 = 2.25 per cent 

With the larger, high-speed pulverizers the power consumption 
drops. For example, recent tests® show that, with a bituminous 
coal containing 4 per cent moisture, the total power consumption 
of the pulverizer shown in Fig. 146 is only 14 kw.-hr. per ton, 
while with a moisture content of 10 per cent the power consump- 
tion is 17 kw.-hr. per ton. A maintenance cost of 2 to 4 cts. 
per ton of coal ground is claimed for this type of system. 

The investment required in unit systems is small, as brought 
out by Fig. 147, which gives the cost of motor, pulverizer, and 
blower per ton per hr, for units having capacities of from 0.3 to 
10 tons per hr. 
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The average cost of preparing pulverized coal on the unit 
system is shown in Fig. 148. On the basis given in this figure 
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Fig. 147.—Cost of unit pulverizers versus capacity. 
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Fria. 148.—Cost of preparing powdered coal by the unit system. 


High efficiencies with this type of apparatus are possible as 
with the storage systems, and, on account of their low first cost. 
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unit systems have been successfully applied in small plants where 
the quantity of coal used would not justify the greater expendi- 
ture necessary for the more complex storage system. Recent 
growth of unit systems in larger plants has been very rapid. 
Usually coal driers are not necessary in the unit system, since a 
certain amount of drying is accomplished by the air blast. How- 
ever, a drier generally is necessary for a coal with a high moisture 
content. 

The Storage System.—A powdered-coal installation of the 
storage type usually includes: (1) a crusher, (2) a drier, (3) 
pulverizers, (4) storage bins, (5) apparatus for conveying the 
powdered coal to the furnaces, and (6) feeders or burners. The 
general arrangement of a typical storage installation is shown in 
Fig. 149. The coal is first crushed by roll crushers into 34 to 
1 in. lumps and passed over a magnetic separator to remove 
any “tramp” iron, which, if not removed, would damage the 
pulverizer. After the magnetic separator the coal passes through 
the drier to the pulverizer. The pulverized fuel is then distributed 
to the furnaces by a system of suitable conveyors. 

In many plants the raw coal is received in lumps small enough 
to be fed directly to the driers or pulverizer making preliminary 
crushing unnecessary. For this reason no description of crush- 
ing equipment has been included in the subsequent discussion 
of the various methods of drying, pulverizing, distributing, and 
burning the coal. 

Drying Equipment for Powdered-coal Systems.—Since high- 
moisture coal lowers the capacity of the pulverizers and requires 
higher power consumption in preparation, practically all the 
coal used with earlier systems was dried before pulverization. 
It is conceded now, however, that it is necessary to drive off the 
“surface”’ or ‘‘free’’? moisture only, and that the combined and 
absorbed moisture (sometimes called “‘inherent’’ mois*ure) 
may be left in the coal without greatly lowering the capacity or 
the efficiency of the pulverizing equipment. Recent tests by 
Kreisinger and Blizard® have shown that some coals containing 
up to 7 or 8 per cent moisture can be burned with the same 
completeness of combustion as dried coal. There is, of course, a 
slight heat loss up the furnace stack of about 0.1 per cent for 
each 1 per cent of moisture in the coal. As a rule, eastern 
bituminous coals do not require drying, whereas western bitu- 
minous coals, on account of their high free moisture, must be 


POWDERED COAL 435 
§ 


Belt Conveyor 
(Crushed Coal) 


EN 
pees 4 


Crushed Coa/ Bin 


Lopulco 
Screw Conveyor, 


TE: 


J 
wae 


Pulverized 


“Surplus 
Fuel Bir 


Air Lire 


|| Wir Grevlating tru al 
7, Oh 
AL ou = Hollon'Side Walle 20 “7/0 7 


~ LSeal Ash 
Conveyor 


Fia. 149.—Arrangement of a typical storage system of powdered coal application. 
(Combustion Engineering Corporation.) 
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dried. The installation of a drier (depending on the plant loca- 
tion) may make a plant more nearly independent of the source 
of coal supply. 

The advantages of drying are: (1) the capacity of the pul- 
verizer is increased, as shown® by Table XCI, (2) dry coal does 


TABLE XCI 


Errect or MoisturE ConTENT ON PULVERIZER OPERATION 


Approximate power con- 


Moisture in coal, per | Capacity, pounds per saat Malawian 


cent hour 
per ton 
4 9000 14 
6 8750 15 
8 8400 16.3 
10 8000 i725 


not pack readily or arch in bins and conveyors, (3) slightly 
higher flame temperatures and lower stack losses may be obtained, 


Fia. 150.—Semi-indirect-fired rotary drier. (The Fuller Lehigh Company.) 


and (4) the possibility of spontaneous combustion is decreased. 
The disadvantages of drying are: (1) the increased cost of the 
equipment required, (2) the increased power, labor, and main- 
tenance, and (3) the added floor space necessary. 

Three types of driers are in common use: (1) rotary driers, 
semi-indirect fired; (2) cell-type driers, which use hot flue gas 
from the stack; and (8) steam-heated driers. Two driers of 
the semi-indirect-fired rotary type are shown in Figs. 150 and 
151. In the type of drier shown in Fig. 150 the hot gases from 
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the furnace Grulde over the outside of the inclined cylindrical 
drier shell, and are then passed through the inside of the shell 
countercurrent to the fuel. The drier shown in Fig. 151 consists 
of a series of relatively short, standard steel pipes. The incoming 
coal is fed into these tubes and, as the tubes rotate, travels to 
the discharge end of the drier by gravity. Hot gases from the 
furnace pass over the outside of tubes and then up through them 
toward the coal feed end. The chief advantage claimed for this 
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Fig. 151.—Multiple-tube drier. (Grindle Fuel Equipment Company.) 


drier is the small floor space required. In both these types of 
drier the gases coming in contact with the outside of the shell 
(at the coal feed end) can be relatively hot because the coal is 
kept cool by rapid evaporation of water; the gases passing 
directly through the drier, however, must be cool (about 250°F.) 
in order to prevent overheating of the coal. For this reason the 
furnaces for these driers are generally fired with sufficient excess 
air to cool the flue gases to the desired temperature. 
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Two types of driers which utilize hot flue gas from the boiler 
or furnace stack are shown in Figs. 152 and 153. In the drier 
shown in Fig. 152 the coal from a storage bin flows by gravity down 
two louvered passages and is discharged at the bottom directly to 
the pulverizer. Flue gas from the stack is admitted at the center 
(as shown), passes through the coal and is drawn out at the sides 
by means of an exhauster. Steam pipes are provided to extin- 
guish any fires that might result from spontaneous combustion. 
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Fra. 152.—Wood type of waste heat coal drier. 


The drier shown in Fig. 153 is made up of unit sections, each unit 
being provided with gas ports as shown in the diagram. Alter- 
nate sections have gas inlets and the intervening sections are pro- 
vided with gas outlets. Stack gas is forced by a fan through the 
coal in the direction of the arrows, or is drawn through by an 
exhauster at the top of the drier. Waste-heat driers of this type 
effect a considerable heat saving and the power requirement is 
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only 2 to 34% évchn per ton of coal dried. They require about 
25 sq. ft. of heating surface per ton of coal dried per hr. and take 
about 20 per cent of the flue gases. Driers of this type are 
being widely used in new powdered-coal installations. The 
exit gases should not be below 150°F., to insure against sweating 
of the drier. 

A third type of drier (similar in design to the waste-heat type 
just described) which is being employed in some of the more 
newly designed installations uses steam for the heating medium. 
The steam is admitted to grids which heat the coal. A current of 
air is drawn through the coal to remove the moisture. Steam 
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Fria. 153.—Randolph type of waste heat coal drier. 


driers require less power to handle the fans, and the air-exit 
temperature may be run as low as 100°F. About 30 sq. ft. of 
heating surface are required per ton of coal per hr. per cent of 
moisture and about 1 Ib. of air is used per lb. of coal. This type 
of drier is best adapted for use in plants where coal preparation is 
carried out at such a distance from the stack that waste-heat 
driers cannot be used. 

Less drying is being done in modern installations than in early 
applications of powdered coal. Practice in this respect is chang- 
ing and probably in the future most of the drying will be done in 
flue-gas driers. 
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Pulverizing Equipment.—After the coal has been dried it is 
pulverized to the desired degree of fineness in grinding mills. * 
The power used to drive these mills is the biggest power item in 
powdered-coal preparation, and is greatly affected by the degree of 
pulverization, + by the amount of moisture in the coal, and by the 
physical characteristics of the coal being pulverized. The cost of 
pulverization is dependent on the size of the plant as well as on 
the above factors. 
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Fie. 154.—Relation between capacity, moisture, and fineness in pulverizing 
Pennsylvania bituminous coal. 


The larger the plant the less the cost of pulverization, since the 
labor necessary does not increase in proportion to the capacity. 
Two men, for example, are required in a plant grinding 100 tons 
per 24 hr., while these same two men could take care of a plant 
grinding from 100 to 300 tons per day. Moreover, the small 
plant usually cannot obtain power as cheaply as the large one, 


* Where the coal does not have to be crushed before drying and no separa- 
tion of iron from the coal has previously been effected a magnetic separator 
is installed before the pulverizer in order to remove “tramp”? iron. 

t+ Among others our thanks are due Mr. S. B. Kanowitz of the Raymond 
Bros. Impact Pulverizer Co. for much of the following data regarding the 
power consumption of pulverizing equipment and costs of pulverizing coal. 
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and usually is not Lda aaneay with sufficient spare equipment to 
make possible repairs while the plant is in operation. 

The capacity of a mill is decreased with increasing fineness of 
grinding and with increasing moisture content of the coal, as is 
shown by Fig. 154. This figure gives the relationship between 
capacity, fineness, and moisture in grinding a Pennsylvania 
bituminous coal. Thus, reading from Fig. 154, if grinding 
specifications are 75 per cent through 200 mesh (diameter of 
openings 0.0029 in.) the capacity of a mill of the type on which 
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Fia. 155.—Relation between power consumption, fineness, and moisture 
content in pulverizing Pennsylvania bituminous coal. 


Fig. 154 is based will be about 5.4 tons per hr. on a 4 per cent 
moisture coal. The same mill grinding the same coal will have 
a capacity of only 3.2 tons per hr. if the coal is ground so that 95 
per cent will pass through 200 mesh. Similarly, a mill having a 
capacity of 4.7 tons per hr. with a 2 per cent moisture coal when 
the specifications are 85 per cent through 200 mesh, will have 
a capacity of only 3.7 tons per hr. if the moisture is increased 
to 10 per cent, 
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The relationship between power consumption (in horsepower 
per ton of coal pulverized), fineness, and moisture content is 
shown in Fig. 155. As the figure indicates, the power consump- 
tion (and consequently the cost of pulverizing) is increased with 
increasing moisture content and with increasing fineness of 
pulverization. Thus the power consumption is about 17.8 hp. 
per ton when 2 per cent moisture coal is gound, so that 85 per 
cent will pass through a 200-mesh screen. With a 12 per cent 
moisture coal the power consumption is increased to 25.3 hp. 
per ton. Up toa certain point increasing moisture (7.e., inherent 
or combined moisture) has but little effect, but with further 
increases in water content (free moisture) the capacity is greatly 
decreased. By reference to curves of the type shown in Fig. 155 
it is often possible to determine the fineness to which a coal may 
be ground economically and to what extent it will pay to dry 
before grinding. Ina number of tests the total cost of pulveriza- 
tion, including interest, maintenance, depreciation, power, labor, 
lubrication, etc., ranged from about 38 to 48 cts. per ton pul- 
verized. The average amount chargeable to power was about 
_ 62 per cent of the total cost of pulverization (power figured at 
2 cts. per kw.-hr.). 

The physical characteristics of the coal also play an important 
part in the economy of grinding. In general, the coal becomes 
harder and requires more power to grind as the volatile matter 
decreases and the fixed carbon increases, the anthracites being 
harder to grind than the bituminous coals. Data on anthracite 
pulverization are very meager, since only a few pulverized-coal 
installations are using this type of fuel, and even they are 
engaged in trying out different kinds of furnaces and burners 
rather than working primarily on pulverizing problems. Fur- 
thermore, the grinding characteristics of anthracites, such as 
culm, river anthracite, etc., vary so widely that specific data 
are of little value unless the kind of anthracite handled and its 
source are known. For example, a roller mill with air separation 
having a capacity of 200 tons per 24-hr. day ground various 
anthracites so that 95 per cent passed a 200-mesh screen with 
the following costs (power 2 cts. per kw.-hr.): 
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In considering the operation of pulverizing equipment, it 
should be borne in mind that the finer the coal the easier it is to 
obtain efficient combustion. It is necessary, therefore, to bal- 
ance the increase in power cost against the savings made possible 
by finer grinding for the particular coal that is being fired. 
For example, coal with low-volatile matter should be ground 
finer than coal containing higher-volatile contents. The usual 
specifications for pulverizing operation are that 95 per cent of 
the product shall pass through a 100-mesh screen (diameter of 
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Fia. 156.—Details of roller mill and air separator. (Raymond Brothers Impact 
Pulverizer Company.) 


openings 0.0059 in.) and 85 per cent shall pass through a 
200-mesh screen (diameter of openings 0.0029 in.). Recent 
work, however, has shown that good combustion can be main- 
tained under boilers when 90 per cent of the fuel will pass 
through 100 mesh and 65 per cent will pass through 200 mesh. 
Under these latter specifications (see Fig. 154) the capacity of 
the pulverizer would be increased by about 30 per cent over that 
possible under the first specifications, and without any marked 
decrease in the combustion efficiency. 
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The equipment mainly used for pulverizing coal may be illus- 
trated by the following types of pulverizing mills: (1) the Ray- 
mond, (2) the Fuller-Lehigh, (3) the Jeffrey swing-hammer, 
and (4) the Hardinge ball mill. 

In the Raymond mill, shown in Fig. 156, the coal is fed 
through a spout and feeder to a grinding chamber. The plows 
A throw the coal between the rollers B and the pulverizing ring 
C. A current of air lifts the powdered coal into a separator, 
situated above the mill, from which the coarse particles fall 
back into the mill for further grinding. The air then passes 
into a cyclone separator, where the finely ground material is 
separated and collected, the air being returned by a fan to the 
grinding mill. The Fuller-Lehigh mill, shown in Fig. 157, uses 
four steel balls as pulverizing elements. The balls are driven 
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Fie. 157.—Details of Fuller Lehigh roller mills. 


around the grinding ring by pushers. Two fans are used, an 
upper one to draw the pulverized coal into the chamber above 
the grinder, and a lower fan to draw the fine material through a 
screen. After passing through the screen the pulverized fuel 
is discharged through the spout shown at the side of the diagram. 
The same company also manufactures another mill in which the 
product is separated entirely by an air current rather than by 
screens (see Fig. 157(). 

The Jeffrey swing-hammer pulverizer breaks the coal by striking 
it with rapidly revolving hammers which drive the coarse pieces 
against breaker plates. The finely ground coal passes through 
a series of screen bars, and the coarse material is returned for a 
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second grinding. This is the type of action usually used in 
unit-system pulverizers. 

In the Hardinge mills the coal is fed into a rotating shell in 
which the grinding is done by the rolling or impact of balls or 
pebbles. Mills of this type all grind very fine, but, unless 
combined with air separation, usually require considerably more 
power for grinding coal than the types previously described. 

Powdered-coal Storage.~—Care must be exercised in storing 
powdered coal, since the dust easily takes fire and smolders. 
Damp powdered coal is very liable to ignite spontaneously and 
it has been stated® that coal dust containing 0.75 per cent 
moisture and 1 per cent sulfur will invariably take fire in six 
days. Spontaneous combustion in the storage hoppers of a 
powdered-coal plant is not particularly serious, however, since 
the bins are always covered and there is, therefore, insufficient 
oxygen present to support combustion long. The most serious 
result of fires in storage bins is the caking of the coal and the 
consequent loss of its free-running properties. 

Storage hoppers should have sides making 30-deg. angles with 
the vertical to prevent arching of the coal. The capacity of the 
hoppers should be from 12- to 14-hr. supply for the plant, 
although 96-hr. storage is said to be a safe upper limit for dry 
coal. Ground coal has been stored in large bins for from 10 days 
to two weeks, but it is best to keep it moving each day. When 
stored for a short time only, powdered coal is light, fluffy, and 
free running, but it packs into a dense mass on long standing. 

Transportation of Powdered Coal to Burners.—The transporta- 
tion of powdered coal is usually accomplished by one of the 
methods illustrated? in Figs. 158 and 159, that is; (1) bya combina- 
tion of screw conveyors and bucket elevators, (2) as a suspen- 
sion in air, (3) air transport—coal discharged through pipe lines by 
air pressure, or (4) forced aeration—a combination of a worm- 
gear pump and compressed air. 

Spiral-screw conveyors in a dust-tight steel trough for moving 
the coal horizontally and bucket elevators for the lifts comprise 
the oldest system of powdered-coal transport. It has been 
replaced to a large extent, however, by the three systems shown 
in Fig. 158, although in many modern plants screw conveyors are 
still used to distribute the powdered coal to the bins (see B in 
Fig. 158). Screw conveyors are reliable and have a low repair 
cost, and, since some coal is stored in hoppers at the furnace, 


446 FUELS AND THEIR COMBUSTION 


short delays in conveyor operation are not serious. They are 
heavy, however, and are not suitable for turning corners or for 
changing the level. On inclines, the coal is liable to flush through 
to the lower end and pack the conveyor. This system is dusty 
and requires numerous motor drives. The real field for screw 
conveyors is in a compact or simple layout of furnaces or boilers, 
adjacent to the coal-pulverizing plant (see Fig. 158A). 

In the system shown in sketch B, Fig. 158, coalfrom the pulver- 
izer is delivered directly to the storage bin by the exhauster. 
This method is in common use where the distance over which coal 
must be transported is small. It is simple but has the disadvan- 
tage of requiring a large amount of piping, since a return air line 
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Fie. 158.—Layout of powdered coal conveying systems now in general use. 


Diagrammatic. 


must be provided between the cyclone separator and the 
pulverizer. 

The air-transport system (C, in Fig. 158) has been quite widely 
used for powdered-coal distribution. The powdered coal from 
the collecting hopper flows by gravity into a blowing tank. The 
blowing tanks (located in the pulverizer house) are arranged on 
weighing platforms so that the amount of coal fed to a given fur- 
nace bin can be determined accurately. The discharge line 
through which the coal leaves the blowing tank reaches to within 
a few inches of the bottom. After the tank has been filled with 
the desired amount of fuel, compressed air (50 lb. per sq. in.) is 
admitted near the top of the tank and a stream of powdered 
coal forced through the transport line. The small amount of air 
that mixes with the coal (about 1 per cent of that necessary to 
form a combustible mixture) is separated from the fuel by a 
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cyclone separator which discharges the coal by gravity into the 
furnace hopper. Small pipes (3- to 4-in. diameter) and normal 
bends are used in this system. The maintenance cost with this 
distributing system is very small and the power consumption is 
less than with most of the other methods. In the Grindle pneu- 
matic conveying system (somewhat similar to C, in Fig. 158) 
powdered coal from a pressure tank (which can be used to weigh 
the coal) is forced into a conveying pipe by a small amount of air 
(400 cu. ft. per ton or about 1 per cent of that necessary for com- 
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Fig. 159.—General arrangement of a typical circulating system of powdered 
coal transport. 


plete combustion) under a pressure of 5 to 40 lb. The air is 
blown into the coal through an injector, aerates the coal, and 
forces it into furnace hoppers. The small amount of air used is 
separated from the coal at the furnace hopper by means of a dust 
arrester. 

The forced aeration system sketched in D of Fig. 158 uses a 
motor-driven worm pump, aided by a small amount of com- 
pressed air. The powdered coal falls by gravity into the pump, 
where it is compressed slightly. As it leaves the pump a small 
amount of compressed air is admitted through a number of jets. 
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This mixes with the coal and renders it so fluid that it may be 
transported readily. Little air is required (about 360 cu. ft. 
per ton). This system uses small pipe (3 to 5 in. in diam.) and is 
especially adapted for conveying coal long distances. The power 
requirement of the pump is from 1 to 2 kw.-hr. per ton of coal. 
In recent tests by the manufacturer, powdered coal was success- 
fully conveyed 5400 ft. through a 5-in. pipe. 

In the recirculation type of transport system (shown in Fig. 
159) the air and the dust are mixed and delivered as a blast 
around the plant. Coal from the bottom of the bin is delivered 
to the suction side of a high-pressure blower by a screw conveyor. 
In the blower the coal is mixed with about 40 per cent of the air 
required for combustion and delivered to the distributing pipe. 
The velocity of the coal-air mixture is maintained at about 90 ft. 
per sec. to eliminate back-firing and to keep coarse coal particles 
in suspension. Any coal and air not required at the burners is 
returned and pumped over again. The pressure is usually 
maintained at 10 to 12 oz. per sq. in. and if the transport system 
is very long a booster fan may be installed. The disadvantages 
of this system are: (1) that the fan impeller and the casing 
are sometimes rapidly eroded by the coal-air mixture, (2) the 
power consumption is high, (3) coal is stored at a distance from 
the furnaces and any stoppage of fans causes the shut-down of 
the entire system. In this method of conveying powdered coal 
an explosive mixture is being handled at all times. There are 
a large number of these installations, but there have not been 
very many serious accidents, although explosion doors and 
non-return valves are recommended. 

Powdered-coal Feeders or Burners.—Powdered-coal feeders or 
burners in common use are of two general types: (1) burners 
having a mechanically operated variable-speed screw or flight 
conveyor which brings the coal into the path of the air for com- 
bustion, and (2) burners in which the fuel is fed by compressed 
air, the feed being regulated by the air pressure. The air pres- 
sure usually is low (from 2 to 8 oz. per sq. in.), or a high-pressure 
injector (with pressures ranging from 40 to 100 Ib. per sq. in. ) 
may be used where long cutting flames are desired. 

The Warford coal feeder and mixer! used by the Anaconda 
Copper Company is shown in Fig. 160. Air under a pressure of 
from 19 to 20 in. of water is blown in through the center pipe of 
the mixer. This air injects secondary air and coal from the 
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Fie. 161.—Fuller-Lehigh induction type pulverized coal burner. 
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screw-conveyor feeder through the annular space into a blast 
pipe, where additional air necessary for combustion is drawn 
around the blast pipe just as the combustible mixture enters 


the furnace. 


Fig. 162.—Rayco powdered coal burner. 
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Fie. 163.—Quigley central duct type pulverized coal burner. 


The Fuller-Lehigh induction-type burner! is shown in Fig. 161. 
Powdered coal from a feeder drops through the top opening and 
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is mixed with low-pressure air coming from the right-hand open- 
ing. Secondary air is drawn in and the coal-air mixture passes 
into the furnace. The amount of secondary air is regulated by 
an adjustable register on the outer tube of the burner. 


Fia. 164.—Quigley syphon type powdered coal burner. 
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Fig. 165.—Lopulco pulverized coal feeder. 


The Rayco burner of the Raymond Bros. Engineering Co. 
is shown in Fig. 162. The powdered coal is mixed with low- 
pressure air in the annular space between the two tubes of the 
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burner and on entering the furnace meets the air coming through 
the center pipe of the burner. , 

In the Quigley system coal from the feeding mechanism falls 
into the path of the primary air (5-oz. pressure), as shown in 
Figs. 163 and 164. The coal-air mixture (about one-eighth of 
the air necessary for combustion) enters the burner, to which 
secondary air is admitted under a pressure of about 114 oz. 

The Lopulco coal feeder and vertical burner for boilers, manu- 
factured by the Combustion Engineering Corporation, are shown 
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Fie. 166.—Lopulco pulverized coal burner. 


in Figs. 165 and 166. In this feeding device, air (under a pres- 
sure of 10 in. of water) and coal from the feeder screw are thor- 
oughly mixed by the revolving paddles. The fuel and primary 
air then enter the burner through the inlet pipe, and induced 
streams of secondary air (sufficient to support ignition at the 
burner nozzle) are drawn in through two damper-controlled 
openings in the burner shell. The remainder of the air required 
for combustion is drawn in through inlets in the furnace front. 
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All the above relatively simple burners and others of similar 
design have been successfully applied for a wide variety of 
purposes. There are also several burners of more complicated 
construction which are designed to give better mixing of coal and 
air. A burner of this type, which, although used mainly in 
metallurgical work, has also been applied to boiler furnaces, 
is shown in Fig. 167. Coal from a screw feed is delivered into a 
drum where it is mixed with about 25 per cent of the air (low 
pressure) necessary for combustion. This coal-air mixture 
then passes into a final mixing chamber, where the remainder of 
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Section Y-Y¥ 
Fie. 167.—Multimix pulverized coal burner. (Sanford Riley Stoker Co.) 


the air necessary is admitted through small jets. All the air 
necessary for combustion, therefore, is mixed with the coal before 
entering the furnace. 

Depending on the system, the coal-air mixture may be injected 
into the furnace at a velocity of from 20 to 300 ft. per sec. 
with success. For most industrial purposes the velocity should 
be low, in order to give time for combustion and for the ash 
to fall out. For a cutting flame a high velocity is desired. 
In burning powdered fuel, as in other types of combustion, it is 
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of paramount importance that the fuel and the air be intimately 
mixed, and burners* must be designed with this end in view. 
Powdered coal flames may be shortened by increasing the turbu- 
Jence just as the coal-air stream enters the furnace. Streamline 
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Fig. 168.—Rate of flame propagation in powdered-coal-air mixtures. 


flow lengthens the flame. For most purposes the major part of 
the air for combustion should be admitted through the burner 
or close to it to allow ready adjustment of the flame length and 
quality. The fuel feed should be at a uniform rate. 


, * For certain purposes, where it is desired to have a long, lazy flame, 
incomplete premixing of coal and air brings about the desired result. 
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Fuels Suitable for Use in Powdered Form.—Practically any 
fuel, high or low in either ash or volatile matter, can be success- 
fully fired in powdered form. High-volatile coals, however, on 
account of their greater ease of ignition and lower cost of pulveri- 
zation, are better than low-volatile coals or coke. To show the 
wide difference in composition allowable, three coals which have 
been successfully fired are: (1) Rhode Island anthracite, contain- 
ing 6 per cent volatile and 31 per cent ash; (2) anthracite culm, 
containing 8 per cent volatile and 24 per cent ash; and (3) Illinois 
coal screenings, containing from 35 to 40 per cent volatile matter 
and 16 per cent ash. The amount of moisture in the coal is of 
utmost importance, particularly if driers are not installed. With 
properly designed equipment, the quality of fuel used may be 
changed almost at will. 

The kind of fuel used has a decided influence on the rate of 
flame propagation in powdered coal-air mixtures,!° as indicated 
in Fig. 168. The bottom scale gives the pounds of coal per lb. 
of air and the scale at the left gives the speed of flame propagation 
in feet per sec. This figure shows that the higher the percentage 
of ash and the lower the percentage of volatile matter the lower 
will be the flame speed. With most coals the maximum-speed 
mixture contains from 3 to 5 lb. of air per lb. of coal. The 
velocity of flame propagation is important in deciding on the 
velocity of the coal-air mixture in conveyor pipes (to prevent 
back-firing) and in determining the proper speed of the mixture 
inside the combustion chamber. Obviously, if the coal-air 
mixture enters the furnace at too high a velocity the flame will 
be blown out, but if the proper speed is selected the flame will 
be steady and will burn close to the burner. 

Furnaces for Burning Powdered Coal.—One of the chief objec- 
tions to powdered coal in the past has been the large combustion 
spaces required to permit complete combustion of the fuel 
without excessive deterioration of the refractory furnace linings 
resulting from the high temperatures and the impingement of the 
flame on the brickwork. Good results have been obtained with 
combustion rates of from 0.6 to 2 lb. of coal per hr. per cu. ft. of 
combustion space, as shown! by Fig. 169. This figure shows 
(1) the per cent efficiency of the boiler and furnace and (2) the 
temperature of the flue gases leaving the boiler, both being 
plotted as functions of the B.t.u. liberated per hr. per cu. ft. of 
combustion space. Inmany furnaces the most efficient conditions 
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are between about 12,000 and 18,000 B.t.u. per hr. per cu. ft. of 
combustion space; 7.e., from 1 to 1.5 lb. of coal per hr. per cu. ft. 
of combustion space. Above 18,000 B.t.u. per hr. per cu. ft. 
(see Fig. 169) the efficiency of the boiler and furnace decreases 
considerably. These large furnace volumes have been used to 
give the longest possible length of flame travel and to minimize 
erosion of the refractory: furnace lining. With better mixing of 
the powdered coal and air, with preheated air, and with water 
cooling of furnace walls, it seems probable that the high efficien- 
cies possible with powdered coal can be maintained with con- 
siderably smaller furnaces than are now deemed necessary. 
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Fic. 169.—Efficiency of boiler, and temperature of flue gases versus amount of 
heat liberated per unit volume of combustion space. 
Excellent results in relatively small water-cooled combustion 
chambers have been obtained already. This is shown by the 
following table (adapted from Coutant!): 


TABLE XCII 
RATES oF ComBUSTION IN VARIOUS POWDERED-COAL-FIRED FURNACES 


Pounds 
coal 
Type burned Bare per euatt Efficiency 
per hr. : 
per cu. ft. 
per hr. 
Average boiler furnace........... 1-2 13 ,000—26 , 000 65-83 


Water-wall furnace (Sherman Creek)| 1.9-3.7 | 21 , 000-46 , 000 62-83 
Water-wall furnace (Bettington 


oilet) set situs Mane enema 2-5.4 | 22,000-70,000 66-80 


a 
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Burners should be kept away from the side walls of the furnace 
to prevent the flame from cutting the brick and allowance should 
be made for expansion of the gases after ignition in order to slow 
them up and to allow the ash to settle. Slagging of the ash 
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Fie. 170.—Vertical section through powdered-coal furnace. Equipped with 
water screen over the bottom and rear wall, and also with ftn-tube side walls. 


i i i > hokia 
k & Wilcox cross-drum boiler of 18,010 sq. ft. of heating surface, at Ca I 
Ey Sct Tedon Electric Light and Power Company, St. Louis, Mo. Thisis the latest design.) 


depends on the ash-fusion point, and on the furnace temperature. 
Most slags chill solid at about 1800°F. but become soft and pasty 
above 2000°F. If this hot, pasty mass comes into contact with 
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the brickwork the refractory may be rapidly worn away and 
removal of the fused slag is difficult. Kreisinger® and his 
co-workers state that flat, spreading burners seem to cause less 
slagging and to give better results than round burners, probably 
due to the increased ease (in flat burners) with which heat radi- 
ates from the interior coal particles to walls, tubes, etc. They 
found that attempts to harden the slag and to cool the bottom of 
the furnace by introducing air through the slag doors caused the 
flames to rise and shortened their path through the furnace, 
thus causing a loss due to incomplete combustion. They believe 
that the best way to avoid slagging without increasing the excess 
air is to cool the bottom of the furnace by using a water screen, 
7.e., allowing the ash to fall through water-cooled coils connected 
with the boiler. This practice has been quite widely adopted, 
since it not only solves the ash-slagging problem but also serves 
to increase the heat-receiving surface of the boiler. 

Following the successful application of water screens to furnace 
bottoms, the idea was expanded, first, to the water cooling of 
the back walls (which, when made of brick, were often seriously 
eroded), and, finally, to the water cooling of the side walls as 
well. Figure 170 shows!’ one of the last four furnaces for the 
Cahokia power station. The furnace is equipped with a water 
screen over the bottom, with a water-cooled back wall and with 
fin-tube* side walls. All the water-cooled tubes are connected 
with the boiler circulation and serve to increase the heat absorb- 
ing surface. 

In the early days of burning solid coal for steam raising, 
the coal commonly was fired in Scotch marine-type boilers in 
which the fuel bed was practically surrounded by the heat-absorb- 
ing surface of the boiler. With the methods then in vogue 
(hand firing on grates, the volatile matter of the coal distilling 
in large non-uniform masses) great quantities of smoke were pro- 
duced and the efficiency was low; consequently, refractory walls 
of low heat conductivity were employed to hold in the heat until 
combustion was completed. Now, however, due to the increased 
temperature of the powdered-coal flame, and due to the steady 
input of volatile matter, the trend is back toward the marine 
type of boiler with its water-cooled (jacketed) walls, and, in 

* In the fin-tube furnace, metal fins are welded to the vertical tubes along 


the furnace side walls. The heat absorbed by these fins is transmitted to 
the water tubes (see Chap. XIV, p. 416). 
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powdered-coal furnaces, refractories are taking second place. 
The trend of powdered-coal furnace design will probably be 
toward complete water cooling with the use of flue-gas air pre- 
heaters to raise the flame temperature enough to prevent over- 
cooling (and consequent incomplete combustion) of the burning 
powdered coal. 

The use of hollow air-cooled furnace walls, as illustrated® 
by Fig. 171, has met with considerable success. From 60 to 80 
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Fria. 171.—Furnace with air cooled walls and water screen. 


per cent of the air for combustion passes through channels 
between the furnace lining and the outer wall. This process 
not only preheats the entering air, but also reduces troubles from 
slagging ash and furnace-wall erosion, and markedly lowers 
radiation losses. This method of furnace construction, although 
successful with coals having ash which fuses at a relatively high 
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temperature, does not seem to offer the possibilities of the 
water-cooled furnace. 

As mentioned earlier, in powdered-coal burning the problem 
of mixing the finely divided coal particles with the required air 
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Fre. 172.—Section of inclined water-tube boiler and furnace. Middletown 
plant, Metropolitan Edison Company. Eight burners, 14,770 sq. ft. boiler 
surface, 11,000 cu. ft. furnace volume. 

Fie. 173.—W-type boiler setting and furnace. Trenton-Channel plant, 
Detroit Edison Company. Sixteen burners, 29,087 sq. ft. boiler surface, 25,140 
cu. ft. furnace volume. 

Fra. 174.—Vertical water-tube boiler setting and furnace. Eline’s Inc., 
Milwaukee. Eight burners, 5000 sq. ft. boiler surface, 3500 cu. ft. furnace 
volume. 

Fras. 175-177.—Typical installation of unit system of powdered coal applica- 
tion to boiler furnace. 


for combustion is of the utmost importance, particularly if the 
capacity of the furnace per unit volume is to be as large as possible. 
It has been recognized for some time that the coal and air should 
be thoroughly mixed prior to being blown into the furnace. 
However, it has not been so well recognized that mixing, or 
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turbulence, within the furnace itself is also anecessity. The CO, 
from each of the burning coal particles must be removed and 
fresh oxygen supplied continuously if combustion is to: be rapid, 
and turbulence within the furnace is one of the best methods for 
obtaining this result. Creating turbulence within the furnace 
is a simple matter in connection with water-jacketed furnaces 
as compared to refractory-lined furnaces where erosion due to 
molten ash must be kept in mind continually. 

Diagrammatic sketches of the layouts of a number of success- 
ful installations for burning powdered coal under boilers (by 
both the storage and unit systems) are shown in Figs. 172 to 
177. In all of these boiler furnaces the path of flame travel is 
long and large combustion spaces are the rule. The trend of 
present practice in this latter respect is toward larger com- 
bustion spaces, the Lakeside installation shown in Fig. 171 
(designed in 1919) having a ratio of 1.86 sq. ft. of heat-absorb- 
ing surface per cu. ft. of combustion surface, the Cahokia set- 
ting in Fig. 170 (1922) a ratio of 1.56, the Trenton Channel 
installation (1923) in Fig. 173 a ratio of 1.16, while an installa- 
tion now being built will have more cubic feet of combustion space 
than square feet of heat absorbing surface (7.e., the ratio will be 
less than 1). As already pointed out, however, it is to be expec- 
ted that, with the adoption of completely water-cooled furnaces, 
it may be possible to reduce considerably the size of combustion 
space in the future. 

The results of a series of tests run on the Lakeside power station 
of the Milwaukee Electric Railway & Light Co. (see Fig. 171) 
are shown!’ in Fig. 178. The lowest curve gives the loss due to 
undeveloped heat, including carbon in the ash and carbon mon- 
oxide in the flue gases. This loss was about 1 per cent in most 
cases, but at low ratings it was somewhat higher (due to the low 
excess air used). This loss also increased at high ratings, prob- 
ably because the velocity of the coal particles through the com- 
bustion space was increased and therefore some of the larger 
particles were not completely burned. The second curve shows 
the rate of heat evolution per cu. ft. of combustion space, the 
maximum economical rate for this particular furnace being 
23,000 B.t.u. per cu. ft. per hr. (equivalent to about 1.8 lb. of 
coal per cu. ft. per hr.). The excess air curve (third from the 
bottom) shows that with powdered coal it is possible to maintain 
efficient combustion with the excess air held at 10 to 25 per 
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cent. The thermal efficiency, shown by the two upper curves, 
is about 80 per cent (including boiler and superheater), and 
when the: economizer is included the efficiency ranges between 
86 and 90 per cent. 
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Results of tests carried out on powdered coal fired boiler furnace 
at Lakeside power station. 


Fia. 178. 


Costs of Powdered Coal.—The total costs of preparing, 
delivering, and firing powdered coal in a modern, well-designed 
plant average about 70 to 90 cts. a ton. This figure includes the 
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cost of power, SSCate drier fuel, labor, depreciation, interest on 
the investment, taxes, and insurance. The total will, of course, 
vary in different installations, depending on the plant, the kind 
of coal used, the capacity, and local conditions. 

Cases have been reported where the overall cost of powdered 
coal preparation was as low as 30 cts. a ton and as high as $1 
a ton. 

Although no set figures can be given on account of locally 
varying conditions, Fig. 179 shows the general trend in the 
variation in cost of preparation of powdered coal in plants of 
different capacities. This figure brings out the greater cost of 
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Fria. 179.—Cost of preparing powdered coal in storage systems. (Data of Fuller 
Lehigh Company.) 
preparing coal for small plants. It will be seen that for plants 
burning over 400 tons of bituminous coal per day the cost of labor, 
power, and other operating expense ranges from 42 to 54 cts. per 
ton. These data may be compared with operating figures from 
the Lakeside plant of the Milwaukee Electric Railway «& Light 
Co.,!4 which show a total labor cost (from coal bin to ash hopper) 
of 22 cts. per ton, a cost of 9 cts. for maintenance of the pulveriz- 
ing system and burners, and a cost of 3 cts. per ton for upkeep 
of furnace walls, making the total cost (exclusive of investment 
charges) 34 cts. per ton. The total power consumption at this 
plant is 20 kw.-hr. per ton of coal fired. 
The large capital investment required usually makes it inadvis- 
able to attempt the installation of storage-type powdered-coal 
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equipment in, plants using less than 80 to 100 tons of coal a day, 
though, with the unit-type apparatus, powdered-coal installa- 
tions often may be made economically in plants burning from 
15 tons a day up. 

Safety in Powdered-coal Installations.*—Although in the 
early days of the art a number of serious explosions occurred in 
powdered-coal plants, the danger is not great if common sense 
and good housekeeping prevail. The explosions so far reported 
have been caused either by the ignition of an inflammable gas-air 
mixture (such as would result from driving off the volatile matter 
of a coal in an overheated drier), or by the ignition of a powdered- 
coal-air mixture. f 

To prevent the formation of an inflammable gas-air mixture, 
special care must be used in order to prevent overheating of coal 
in the drier. The drier should never be stopped while it contains 
a charge of coal. 

In order to prevent the formation of an inflammable coal-dust 
air mixture the following precautions, outlined by Tracy, should 
be followed: (1) The pulverizing plant and the furnace plant 
should be kept free from an accumulation of dust and must be 
adequately ventilated. (2) Dust should not be swept up with- 
out either wetting or mixing with an excess of fine non-combusti- 
ble material. (3) All conveyors, elevators, and pulverized-coal 
bins should be tightly closed and should never be opened while 
running. (4) All switches should be outside the pulverizer house 
or else kept in dustproof casings. Guard against sparks from 
motors; prevent arcing from loose socket connections, etc.; 
ground all rapidly moving machinery to prevent trouble from 
static electricity. (5) Prohibit smoking, open lights, or torches 
in a coal-pulverizing plant. 

Advantages of Powdered Coal.—The chief advantages of 
powdered coal lie in the great flexibility, the high efficiencies 
that it is possible to maintain, and the wide range of fuels which 
may be used successfully. Coal of all types, from the low-grade 
fuels, such as lignite or high-ash graphitic anthracites, to the 
high-rank, high-quality bituminous coals have been successfully 
adapted for powdered-coal firing. 


*See Newet and Patm!> for a more complete discussion of powdered- 
coal hazards. 

t+ The lower explosive limit of a pulverized-coal-air mixture is about 
0.032 oz. of coal per cu. ft. of air. 
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Combustion with pulverized fuel is practically complete with 
only small amounts of excess air; thus, with excess air main- 
tained at 15 to 25 per cent it is possible to have no carbon 
monoxide (or only a trace) in the flue gases and still leave less 
carbon in the ash than is ordinarily possible with mechanical 
stokers.* Due to the high temperatures of the powdered-coal 
flame, the low excess air possible, and the completeness of com- 
bustion, high efficiencies are obtained. Thus boiler plants can 
be operated continuously with an average efficiency of nearly 
85 per cent, and with maximum efficiencies of about 90 per cent, 
including the economizer. 

Powdered coal possesses many of the properties of a com- 
bustible gas and has the great flexibility and low banking losses 
that are possible with gaseous fuels. Thus in a boiler furnace 
in which no coal had been burned for 6 hr.” the boiler was brought 
to 300 per cent of rating in less than 5 min. This great flexibility 
and practically zero stand-by loss cannot be obtained with any 
other type of coal-firing equipment now known. Moreover, all 
the powdered-coal preparation and feeding equipment is outside 
the furnace, and in case of a mechanical breakdown it is not 
necessary to let the furnace cool down before making repairs. 
No arches, expensive to install and maintain, are necessary in 
powdered-coal furnaces. Close regulation of the desired rate of 
combustion is quickly and easily made. 

The labor required in powdered-coal installations is small and 
fuel distribution is easy—-similar to turning on and shutting off 
a gas. The energy required to crush and grind the coal is as 
low as that required to atomize fuel oil in oil-burning installa- 
tions. High furnace capacities are often possible; thus, in 
Table XCIII are shown the results obtained? in one of the plants 
of the Anaconda Copper Company. 


TABLE XCIII 
Capacity OF POWDERED-COAL-FIRED VS. HAND-FIRED FURNACE 


Tons of copper 


Tons melted per Titel rion 


day 


coal 
Hand-tired furnace. es seen 2 nts 251 3.88 
Powdered-coal-fired furnace........- 476 7.08 


| 


* Certainly without the use of preheated primary air. 
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Practically smokeless combustion can be secured, even with 
high-volatile fuels; this may be important in localities where 
smoke regulations are strict. The characteristics of the 
flame are under control, both as to length and as to its oxidizing 
or reducing character. 

Disadvantages of Powdered Coal.—The chief disadvantage 
of powdered coal has been the cost of the equipment necessary 
for its preparation. This disadvantage is being overcome to a 
certain extent, however, although the amount of capital expendi- 
ture still precludes the use of pulverized fuel in very small plants. 

There is a danger from molten ash, which may make ash 
removal not only difficult, but, by impinging on the brickwork, 
may cause rapid erosion of furnace linings. Also, some consider 
that the dissemination of finely powdered ash into the atmosphere 
is objectionable. 

For a given plant it is necessary to balance the advantages of 
having an almost ideal method of combustion against the diffi- 
culties and cost of pulverization and ash removal. Powdered 
coal, on account of the savings possible through high efficiency, 
and on account of the many other advantages, should be carefully 
considered when a new installation is to be chosen. It is doubt- 
ful in many cases whether the savings possible will justify the 
replacement of existing efficient equipment, such as mechanical 
stokers, particularly if air preheaters are installed in connection 
with the stokers. 
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CHAPTER XVI 
THE COMBUSTION OF FUEL OIL 


The origin and geology of petroleum and the properties of fuel 
oil which are important from the viewpoint of combustion have 
already been discussed in Chap. VI. It also has been pointed 
out that, before actual combustion, fuel oil is first changed by 
vaporization into the elementary fuel, “gaseous hydrocarbons.” 
Smokeless combustion of these gaseous hydrocarbons will result 
if the hydrocarbons are in intimate contact with sufficient oxygen, 
and if the mixture is kept at a high temperature for a sufficient 
time to allow this oxygen to enter the hydrocarbon molecule, 7.e., 
allow hydroxylation (see Chap. IX). On the other hand, if 
there is a local deficiency of oxygen, the hydrocarbons will “ crack’”’ 
or thermally decompose to give carbon (soot) and hydrogen, 
and a smoky flame will result. The same result will take place 
if the gases are cooled too quickly. In other words, in the com- 
bustion of fuel oil there is a race between two reactions: 

(1) Oil + Oxygen by hydroxylation to Carbon dioxide + Water Vapor 

(2) Oil + Heat by cracking to Carbon (Soot) + Hydrogen 
For the successful combustion of fuel oil, conditions must be such 
that the speed of the first reaction is stimulated while the second 
reaction is repressed. 

The types and costs of fuel-oil equipment and the general 
considerations to be borne in mind with regard to the combustion 
of oil fuel are considered in this chapter. The main problems 
in oil burning are: (1) maintaining a uniform flow of heated oil 
to the burners, (2) then thoroughly atomizing the oil, and (3) 
mixing it with the proper amount of air. Therefore, oil-handling 
equipment is discussed first. The various burners for atomizing 
liquid fuel, air registers, and the characteristics of oil-fired fur- 
naces are described in the latter part of the chapter. 


FUEL-OIL EQUIPMENT 


In handling fuel oil the following apparatus is required: (1) 
storage tanks, (2) strainers for removing dirt, (3) pumps, (4) 
468 
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oil heaters to raise the oil to the proper temperature for pumping 
and atomization, (5) piping, (6) meters and thermometers, and 
(7) burners or atomizers. The layout of a typical system is 
shown in Fig. 180. 

Storage Tanks.—Storage facilities must be provided to main- 
tain enough oil on hand to meet the plant requirements (when 
operating at its maximum load) over the longest probable period 
between oil deliveries. The amount of tankage necessary 
to insure against failure of the plant’s fuel supply depends on (1) 
the distance from the supply, (2) the way in which it is shipped 
(t.e., by tank car, truck, boat, ete.), and (3) the regularity with 
which it isshipped. For example, a plant located near the refin- 
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Fie. 180.—Diagrammatic layout of a typical oil-burning system (steam-atom- 
ized burners), showing necessary equipment. 


ery supplying the oil usually does not need to provide as much 
storage as a plant located at a distance from the source of supply. 
This is particularly true in a northern climate where winter 
deliveries may be uncertain. 

The tanks may be located either above or underground. 
Tanks located above ground are cheaper, but the fire hazard is 
greater and this type of installation is often prohibited by law 
within the fire limits of cities. Underground tanks, though more 
expensive, are subject to much less danger from fire, and in case 
of a breakdown the oil drains back to the tank rather than into 
the plant. 

Cylindrical steel tanks (riveted-plate construction) are com- 
monly used. They have the advantages of: (1) relative freedom 
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from leaks and easy repair of leaks which have developed, (2) 
low first cost, and (3) a high salvage value. Concrete storage 
tanks, which are coming into wider use, have the following advan- 
tages: (1) there is no deterioration through corrosion, (2) they 
are suitable for all locations and can be built in practically any 
shape, (3) their construction is simple and rapid, (4) no repainting 
is necessary, as in steel tanks, and (5) the top of an underground 
concrete tank is useful as a floor for storage space. 

Two or more tanks should be installed usually, so that one may 
be repaired without shutting down the entire plant. The tanks 
should be located near a spur track and as near the furnaces 
as possible to simplify unloading from tank cars and to shorten 
the distance the oil must be pumped to the burners. It is 
desirable to unload tank cars by gravity, and the fill pipe should 
be short, of large diameter, and have a steep slope. A flexible 
hose or hopper fill should be provided for the unloading ear. 

In addition to the fill pipe, oil-storage tanks should be pro- 
vided with a suction pipe, a vent pipe for the escape of vapors 
in case of a fire, a pipe line for the return of oil not used at the 
burners, a smothering pipe, a heating coil, and a measuring 
device. In most tanks the fill pipe and the vent pipe may be on 
the same line. The top of the vent pipe should be goose-necked 
and should be covered with wire gauze to prevent the flame of 
accidentally ignited vapors from traveling back into the tank. 
The smothering pipe (using steam or Foamite for extinguishing 
purposes) can be used to put out any fires or to flush vapors 
from the tank prior to inspection or cleaning. 

An oil-storage tank of good design is shown in Fig. 180. A 
hand or intermittent power-driven, gear pump is provided for 
removing water that collects in the sump due to the slight slope 
of the tank bottom. The figure indicates connections for a 
steam coil for heating the oil at the entrance to the suction line. 
A small hood is used to keep the warm oil near the mouth of the 
suction line. Excess heated oil from the burners is returned 
under the hood. This arrangement keeps heated oil under the 
hood and greatly decreases the amount of steam required for 
the heating coil. Since hot oil is largely kept at the bottom of 
the tank, there is only a small heat loss from the top. 

Installations should always be so designed that, in ease of a 
break in the pump line or at the burners, oil cannot be siphoned 


THE COMBUSTION OF FUEL OIL 471 


from the storage Her to the furnaces or to the furnace-room 
floor. * 

Strainers.—Strainers must always be provided to remove the 
dirt and foreign matter which would otherwise be liable to clog 
or erode the burners. Strainers, which consist of perforated 
metal baskets, are placed both before and after the oil pump. 
To eliminate a forced shutdown due to plugging, duplex strainers 
(two baskets in parallel) are advisable. In strainers of this 
type the flow of oil through either basket is controlled by a 
single lever, and the idle strainer can be cleaned while the other 
is in operation. Sometimes a by-pass (containing a relief valve) 
around the strainer is provided in order to relieve any pressure 
that may build up due to clogging. 

Large-mesh strainers are used on the suction side and small- 
mesh strainers on the discharge side. With heavy oil, 16- to 
20-mesh screens are used on the suction side of the pump, and 
40- to 70-mesh on the pressure side, particularly if the burner 
has a small orifice. With light oils, 30- to 40-mesh screens are 
installed on the suction side and 60- to 70-mesh on the pressure 
side. In addition to the strainers on the main pipe line, it is 
often advisable to install auxiliary individual strainers at the 
burners. The frequency of cleaning the strainers depends on 
the oil used, a heavy oil sometimes requiring inspection and 
cleaning as often as once a day. 

Oil Pumps.—In industrial plants of medium or large size, 
steam-driven, duplex, reciprocating pumps are most commonly 
used for delivering the oil from the storage tank to the burners 
(on account of their low first cost and reliability), though motor- 
driven triplex pumps or steam-jacketed rotary pumps are also 
used. For relatively small installations electric-motor-driven 
rotary and gear pumps are usually used with complete satisfac- 
tion. Pumps should be equipped with brass valves, and the 
packing (usually metallic or braided fiber) should be such that 
it will not be affected by the oil. A spare pump must always. 
be provided so that the burners will not have to be shut down 
for pump repairs. A pump governor or regulator is necessary to 
insure constant pressure on the feed line to the burners, and with 
reciprocating pumps an air chamber should be provided to 

* A heavy ball cock in the suction line may sometimes suffice. The 


ball is of sufficient weight so the suction due to any siphoning effect cannot 
open the cock but the suction of the pump, having a greater pull, lifts the 


ball. 
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eliminate pulsations. Pumps must be located near the storage 
tanks, since the allowable suction head is small (usually not over 
16 ft. of oil). 

Oil Heaters.*—As pointed out in Chap. VI, fuel oil usually is 
heated to lower its viscosity and to permit efficient atomization. 
In general, where there is any appreciable fire risk, the oil is 
not heated above its flash point. On the other hand, when the 
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Fie. 181.—Schutte-Koerting oil heater 


fire risk is small, the oil may be heated above the flash point 
with advantage. It should be noted that the capacity of a 
mechanical burner will be lowered by heating to too high a 
temperature, due to the expansion of the oil. 


*For calculations of heater size required, coefficients of heat transfer, 
etc., see Appendix II, 
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Two successful eel ue tas are shown in Figs. 181 and 182. 
In the Schutte-Koerting oil heater, shown in Fig. 181, live steam 
passes across the tubes and oil passes through the tubes. Baffle 
plates in the upper and lower headers direct the oil flow and give 
a long path of oil travel. In the heater’ shown in Fig. 182 the 
steam passes through the inner of two concentric pipes, the oil 
being in the annular space between the two pipes. In these, as 
well as heaters consisting of a series of tubes or coils, exhaust 
steam (frequently from the oil pump) is often used. The main 
resistance to the flow of heat from condensing steam, through 
metal and into oil, is the resistance between the metal and the 
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Fig. 182.—Double-pipe oil heater. 


oil. Therefore, the oil should be heated in thin films flowing 
at relatively high velocities in order to get-good heat transfer 
(see Appendix IT). 

Figure 183 shows the variation in the coefficient of heat 
transfer with changing oil velocity for the heater shown in Fig. 
182. The figure also shows how the temperature of the oil in 
question varies with the output from the heater and it will be 
noted that a considerable increase in oil through-put causes only 
a small drop in exit oil temperature, since the increased velocity 
of the oil increases the heat-transfer coefficient (although not 
directly proportional to velocity). The same figure shows the 
coefficient of heat transfer when using exhaust steam as com- 
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pared with live steam at 100 lb. per sq. in. pressure. The 
increase in the coefficient when using live steam is due to the oil 
film next to the metal being at a higher average temperature 
(and therefore at a lower viscosity) than in the case of exhaust 
steam. Figure 184 gives the coefficient of heat transfer for 
the Schutte-Koerting heater shown in Fig. 181. 


Volume, gallons per hour 
1000 2000 3000 4000 5000 6000 


Qo 


180 


{60 y 


or/"P” 


140 ital T= 85 °F 40 


20 


180 


Heat Transfer Coefficient h - B.t.v. per Sq. Ft. per Beg. Fahr. per Hour 


Exit Temperature of Oil, deg, fahr: 


20 


Effect of Velocit 
Heat Transfer and 


on Coefficient of 
Bit Oil Temperature 


Q 5 10 15 20 25 30 
Velocity, ft. per sec. 


Fia. 183.—Calculated heat-transfer coefficients and exit-oil temperatures for 
the double-pipe heater shown in Fig. 182. 


In order to regulate the temperature of the oil it is well to have 
a by-pass around the heater so that cool oil may be bled in when 
the temperature is too high. It is also desirable at times to have 
both live and exhaust steam connections—live for use at the start, 
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and exhaust when the oil in the tank has been warmed due to 
the return of hot, excess oil from the burners. 

The oil in the tank should not be allowed to get too hot or else 
the pumps will suck vapor and lose their priming. Most of the 
heating should be accomplished in the heaters placed between 
the pumps and the furnace. 


0 
ORO MZOMS OZ S OM COm 0 esON 20 
B4u.per Hr. per Sqft.per|*Mean Temperature Difference 


Fia. 184.—Heat transfer rate diagram for Schutte-Koerting oil heater. 


In installations that are operated intermittently it is often 
necessary to put one or two hot-wire electrical-heating elements 
into the oil lines in order to warm the oil when starting. When 
these are necessary one such element should be placed as near 
the oil burner as possible to prevent subsequent cooling of the 
oil prior to atomization. In place of such heaters a supplemen- 
tary supply of light, fluid oil may be provided for use until the 
steam pressure is available for oil heating. 
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Piping and Valves.—Oil piping must, of course, be absolutely 
tight. There should be no dead ends in which the oil can congeal 
and make pumping difficult. As previously mentioned, a return 
line is usually provided to take excess oil from each burner to the 
storage tank. Ordinary steel pipe is used in most systems, 
though extra-heavy piping is specified for the high pressures 
used with mechanical burners. The small sizes are screwed, 
litharge and glycerine ordinarily being used as a joint compound. 
Flanged pipe is used for the large sizes, cardboard or oil paper 
soaked in shellac serving as the gasket material. In order to 
reduce the pressure drop through the system, the pipes are usu- 
ally large enough to keep the oil velocity? below 2 ft. per sec. 

On the return line to the storage tank a pressure relief valve set 
for a pressure at least equal to or above the pressure on the burner 
line must be used to keep up the pressure at the burners and yet 
permit circulation when desired. Gate valves (on account of 
reduced friction through them) are well adapted for use on the 
suction side of the pump. On the pressure side globe valves of 
the regrinding type are commonly used. In mechanical atomiz- 
ing systems, or wherever high oil pressures are encountered, it is 
best to use extra-heavy valves equipped with bonnets which 
screw over the valve body. A foot valve (ball check) should be 
placed in the end of the suction line in the oil tank in order to 
keep the pump primed at all times. A pump governor should be 
connected so as to regulate oil pressure by the amount of steam 
sent to the pumps. If electric-driven rotary or gear pumps 
are used, a by-pass should be installed connecting the pressure 
side of the piping with the suction side and an adjustable-pres- 
sure release valve inserted in the by-pass. This permits the use 
of a positive displacement pump when the consumption of oil 
fluctuates. 

Meters and Thermometers.—Owing to the ease with which the 
flow of fuel oil can be determined and the value of data on fuel 
consumption not only of the whole plant but also of the indi- 
vidual furnaces, meters and thermometers* should be installed 
at various points. 

Oil Burners.—The primary purposes of an oil burner are to 
atomize the oil thoroughly and to prepare it for intimate mixing 

*Since oil expands with temperature (¢.e., the density decreases) ther- 


mometers are necessary to determine the true weight of oil from a meter 
reading. 
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with air. The condition of the plant, the furnace design, the cost 
of the installation, and the type of oil used should govern the 
choice of burner. Burners should be simple in design, difficult to 
clog, easy to clean, and should require but little expenditure for 
maintenance. The efficiency of a burner may be considered 
from either of two viewpoints: first, the amount of steam or power 
required to atomize a given quantity of oil, and, second, the 
degree of subdivision produced in the oil. Increased subdivision 
or atomization usually permits the use of less excess air which, 
in addition, usually results in lower stack temperatures. 

Oil burners may be divided into four main groups: (1) the 
spray type, in which the oil is divided into a fine spray by the 
action of an atomizing agent, steam or air; (2) the rotary type, 
in which the oil drops into the inner section of a revolving hollow 
cone or plate and is atomized by the action of centrifugal force; 


Fic. 185.—Inside-mixing type of oil burner. (Courtesy of Denver Fire Clay 
Company.) 


(3) the mechanical type, in which the oil under high pressure is 
atomized by being forced through small slots; and (4) the vapor 
type, in which the oil is vaporized by heat. 

1. Spray-type Burners.—The spray-type burners, in which the 
oil is sheared by the action of an atomizing agent, may be further 
subdivided into inside-mixing and outside-mixing types. Either 
of these types may use high or low-pressure air or dry steam. 
Also in either case the shape of the spray may be either flat or 
conical, depending on the design of the burner. Conical sprays 
are to be preferred, as they permit, to a greater extent, the inter- 
mixing of the oil and the air required for combustion. In a 
given burner, increasing the amount of steam or air used for 
atomization improves atomization, shortens the flame, and 
decreases the tendency to smoke. 

A burner of the inside-mixing type is shown’ in Fig. 185. 
The air or steam for atomization enters through the nozzle A 
and mixes with the oil in the chamber C. The resulting mixture 
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passes out of the orifice D in the form of a fine spray, due to the 
expansion of the steam or air. This type of burner gives best 
results with the atomization agent at pressures of 40 lb. per sq. 
in. or above. Although simple to construct and operate, this 
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' Fig. 186.—Venturi type of oil burner. (Hauck Manufacturing Company.) 


type is suitable for thin (or high Baumé), clean oils only, due to a 
tendency for the orifice to clog. The oil supply is regulated by 
needle-valve adjustment on the oil-feed line. With burners of 


Fia. 187.—Inside-mixing type of oil burner using low-pressure air. (Hauck 
Manufacturing Company.) 

the steam-atomization, inside-mixing type, the oil does not have 

to be heated to such an extent as with either the outside-mixing 

type or the mechanical burner, since a large amount of the heat 

in the steam for atomization is available for heating the oil 
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before the oil-steam mixture leaves the burner. With this type 
of burner the ratio of pounds of steam for atomization per Ib. 
of oil is important if good atomization is to result. The tempera- 
ture of the oil is of lesser importance. Several other designs of 
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Fic. 188.—Quinn inside-mixing type of oil burner. (Combustion Engineering 
Corporation.) 


inside-mixing burners are shown in Figs. 186, 187, 188, and 189. 
The Hauck burner, shown in Fig. 186, consists essentially of 
a casing, within which is a central bore, closed at its outer end 
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Fra. 189.—Application of an inside-mixing air-atomized burner. (Mahr Manu- 
facturing Company). 

and provided with a series of slots which are constricted at the 

center (like venturi tubes). The constricted parts of these 

slots are connected with the inner bore of the burner. The oil 
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from the inner bore (under a pressure of 20 to 100 lb. per sq. 
in.) passes into the slots, meets the atomizing air or steam 
(under 20 to 100 lb. per sq. in. pressure), and atomization takes 
place. 

The Hauck burner, shown in Fig. 187, uses relatively low-pres- 
sure oil and air. Oil and air are partially mixed in an inside 
chamber, and additional air is added just as the partly atomized 
mixture passes into the combustion space 
of the furnace. 

In the Quinn burner, shown in Fig. 
188, the oil under pressure passes through 
the passageway 7, reverses its direction 

role dg eae ee in being forced through the small holes 

ing type of oil burner. Shown in section C-C. This action, 

coupled with the effect of expanding 

steam coming through the openings shown in section A-A, atom- 
izes the oil. The atomized fuel then passes to the burner tip (1). 

A unique adaptation of an inside-mixing air-atomized burner 
is shown! in Fig. 189. Primary air and oil are mixed and atom- 
ized by passing over two knife edges in the path of the air-oil 
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Fic. 191.—Outside-mixing type of oil burner. (Courtesy of Denver Fire Clay 
Company.) 


stream, The atomized mixture then passes into a refractory- 
lined chamber on the furnace front, where initial hydroxylation 
(see Chap. IX) takes place and all the oil is gasified. Secondary 
air is preheated by passing around the refractory chamber and 
meets the hydroxylated and partly burned oil before it passes 
into the furnace proper. Combustion is practically complete 
before the gases pass into the main furnace chamber. 


sit COMBUSTION OF FUEL OIL 481 


In the outside-mixing type of burner, shown’ in Fig. 190, oil 
flowing out through the wide slot B is sheared by the action of 
the atomizing agent from the slot A. These burners operate 
best with steam pressures of 25 lb. per sq. in. and up, but with 
low oil pressures (2 to 5 lb. per sq. in.). This type is well adapted 
for use with heavy-residue oils as well as with light distillates. 
Two others types of outside-mixing burners are shown in Figs. 
191 and 192. 

In the burner shown? in Fig. 191 the atomizing agent passing 
through the circular orifice A meets the oil coming through the 
central oil passage B and gives a conical stream of atomized 
oil. In the Enco burner, shown in Fig. 192, the oil passes through 


Fia. 192.—Inside-mixing type of oil burner. (The Engineer Company.) 


a duct B and is atomized by steam coming through the venturi 
nozzle C and is further atomized by jets of steam coming through 
at D. The atomized mixture passes through a mixing chamber F 
and out through the spray nozzles G. 

The burners shown in Figs. 191 and 192, unlike many steam- 
atomized burners, give a conical flame similar in shape to the 
flame from certain mechanical burners. In this way it is possible 
to control closely and mix thoroughly the air admitted for com- 
bustion by means of proper adjustment of a circular air register 
surrounding the burner. 

Except in furnaces of very limited height, the conical spray is 
better than the flat spray. In the first place, more effective use 
may be made of the full volume of the furnace. Secondly, the 
conical spray offers greater possibilities for mixing the atomized 
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oil with the air for combustion coming in through air registers. 
It is advisable to use air registers, since they not only permit 
better control of the amount of air by means of vanes, but they 
also improve mixing, since the air stream may be made to take 
the form of a hollow cone, which, in turn, intersects the hollow 
cone of oil in front of the burner. Mechanical burners, to be 
described later, usually have been designed with conical sprays 
and many of the advantages of this type of burner thus are due to 
the better possible mixing of air and oil. Conical steam-atom- 
ized burners take one-third to one-tenth the draft of a corre- 
sponding mechanical burner.’ 


Classification 


100 


90 


ao 
Oo 


—~J 
oO 


Ss 
ca) 


G1 
=) 


a 
Oo 


ao 
oO 


Per Cent Total Air by Induction 


20 


Oz. per sq.in. 
a P Semele: 
0 - 05 1.0. 1.5 2.0 \0 IS 20 as 
Air Pressure at Burner Tip, lbs. gauge 


Fie. 193.—Blower performance with different types of air atomization. 


(a) Air Atomization.—Air-atomizing burners are frequently 
used where a short, intense flame is required or where ease of 
regulation is essential. Insteam-atomization systems, on account 
of the high steam pressures required, a small change in the setting 
of a regulating valve makes a large change in the amount of 
atomizing agent admitted. With air, on the other hand, partic- 
ularly with low pressures, a small change in a valve adjustment 
brings about a relatively small change in the amount of air 
admitted and close adjustment of the burneris, therefore, possible. 
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Air-atomizing burners may be divided into low-pressure 
burners, in which air from a fan or positive blower is supplied 
at pressures from 8 oz. per sq. in. up to 2 lb. per sq. in., and high- 
pressure burners using air under pressures from 50 to 80 lb. per 
sq. in. The low-pressure burners have the advantage that a 
large proportion of the air for combustion is supplied by the 
atomization air, as shown® by Table XCIV and Fig. 193. 


TABLE XCIV 


BuRNER PERFORMANCE WITH DirreRENT Typps or AIR ATOMIZATION 


Velocity of atom- | Per cent of air for 
Type izing air, feet per | combustion used 
second for atomization 


Low-pressure (turboblower) air atom- 

ization, 10 oz. per sq. in.......... 300 60 
Low-pressure _ (positive-pressure 

pump) air atomization, 2 lb. per 


(eeiay ., Aes aa ee eG eae 500 50 
High-pressure air atomization, 50 lb. 


Perv SGeinl +. See One at tees te 2500 12 


From the third column of the above table may be computed 
the cubic feet of air per min. required for atomizing a given 
quantity of oil with the types of burners shown. 

The type of blower used for different pressures, and some of 
the operating characteristics of these machines, are given® in 
Table XCV. 


TABLE XCV 


OPERATING CHARACTERISTICS OF BLOWERS 


Delivery pressure Type of machine Operation 
ee eS ae 
A107 eee Ce mural tan Quiet 
34—- 1lb.............-.| Centrifugal fan Humming 
VA Pile Ree OA eee Rotary displacement | Noisy 
(= BG. scene oon ve ae al) Wiuweleynares joxbioays) Quiet 
15=SO beer ene | KeOMpressor Quiet for low pressure 


Noisy for high pressure 


_———— ee 
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The big field of usefulness for burners using low-pressure 
atomizing air is in small industrial furnaces where the oil 
consumption is low, where a short flame is required and 
close control is necessary. 

High-pressure air atomizers (40 to 50 Ib. per sq. in.) are very 
efficient, though the compressors are expensive and have high 
operating costs. High-pressure air is usually used for atomiza- 
tion of oil only when air is already available, due to other 
requirements of the plant. 

In general, air atomization is installed where it is difficult 
to obtain dry steam, although about the same power is required 
whether steam is used directly for atomization or for driving 
compressors or blowers. With air there is no extra loss of 
sensible heat up the stack, as is the case with steam, but this 
is balanced by the greater initial expense of the air atomiza- 
tion installations. On the basis of merit it seems as if air atomi- 
zation with automatic or semi-automatic control should be used 
more widely than at present. 

(b) Steam Atomization.—Steam-atomizing burners are gener- 
ally used in medium-sized installations where steam is available. 
The steam must be dry, since slugs of condensed water from wet 
steam interfere with the continuous operation of the burner. 
The steam consumption varies from 0.8 to 5 per cent of the steam 
produced (from 0.16 to 1.0 lb. of steam per lb. of oil fired). 
Steam atomizers have the advantages of simplicity, low first cost, 
and ease of operation. 

The disadvantages of burners using steam atomization are: 
(1) they cannot be used with small flames (which are liable to be 
put out by the steam); (2) with wet steam, slugs of water cause a 
sputtering flame; (3) there is an extra loss of sensible heat up the 
stack, carried by the uncondensed steam used in atomizing; 
(4) too much steam is often used, since the extra steam reduces the 
tendency of the flame to smoke; (5) as previously mentioned 
under Air Atomization, close regulation with steam-atomizing 
burners is difficult on account of the high steam pressures invol- 
ved. It should be borne in mind also that the generation of 
high-pressure steam requires, under most state laws, the presence, 
at all times, of a first-class fireman. Therefore, it does not pay to 
increase the steam pressure of a low-pressure steam installation 
merely for the sake of using steam atomization on the oil 
burners. 
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2. Rotary HipteeceeTs rotary-type burners the oil drops into 
the inner section of a revolving hollow cone or at the center of a 
revolving saucer-shaped disc. This cone sometimes forms one 
end of a hollow shaft on which a fan may be mounted. Oil 
passes from the pump through the hollow shaft to the revolving 
saucer or cup. When the shaft rotates rapidly the oil flies out 
radially in small droplets and is further atomized by a blast of 
air from the fan. A direct-connected fan is commonly used, 
and the whole apparatus, including pump, fan, motor and burner, 
is often mounted as a single unit, as shown in Fig. 194. These 
burners are adapted for use under low-pressure boilers (where 
the steam pressure is too low for steam atomization) or where 
cleanliness and compactness are more important than economy. 


Fic. 194.—Ray rotary-type oil burner. 


The efficiency of the rotary-type burner frequently is low, due to 
the large excess of air required to keep the flame free from smoke 
(200 to 300 per cent), but the ease of operation and their ability 
to handle small loads at a low first cost sometimes make their 
installation advisable. However, some rotary burners are more 
efficient than just indicated; in fact, their efficiency may be made 
equal to that of any other type. Their installation often is 
advisable where the required steam pressure is so low that no 
trained fireman is needed or where the boiler is shut down 
nights and Sundays. 
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3. Mechanical Spray Burners.—In the mechanical spray type 
of burner the atomization is due to the motion imparted to the 
oil in passing tangentially through small orifices at high pressures 
and temperatures. The atomization is the result of a series of 
actions: (a) atomization by the friction as the oil comes out the 
small orifice, (b) the “flashing”’ into vapor of a part of the heated 
oil as the pressure is suddenly reduced, and (c) atomization due 
to a centrifugal motion imparted to the oil, usually obtained by 
passing it through tangential slots inside the burner. Because 
no air is used for atomization and good mixing of oil spray and 
air is essential, the air necessary for combustion is blown through 
an air pipe or register surrounding the burner. These registers 
(see Fig. 195) are used both to control the amount of air admitted 


Fie. 195.—Air register for controlling admission of air to an oil-fired furnace. 
(The Engineer Company.) 


and to give the oil a whirling motion. The oil pressures used are 
from 100 to 300 Ib. per sq. in. and the oil is heated to from 
140 to 280°F. In the Schutte-Koerting mechanical atomizing 
burner, shown in Fig. 196, the oil under pressure passes through 
an oil strainer into a central tube. At the burner tip the actions 
described in the preceding paragraphs give a hollow cone-shaped 
spray of atomized oil. In the Peabody-Fisher burner, oil 
under pressure tangentially enters a central chamber in which a 
rapid rotary motion is set up. The oil passes into the furnace 
through the orifice, thereby being atomized, or a portion of the 
oil may be by-passed back to the oil pump. ‘The object of this 
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action is to give satisfactory atomization over a wider range of 
oil consumption. 

A mechanical burner with a given size orifice opening usually 
has a rather limited capacity range. With a fixed orifice the 
only method of changing the rate of oil flow is the oil pressure, 
and Fig. 197 shows how little this affects the output of the type of 
burner shown in Fig. 196. A material drop in oil pressure 
decreases the output only to a small extent; for example, with a 
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Fie. 196.—Mechanical atomization burner. 


burner having an orifice 1.75 mm. in diameter, decreasing the 
oil pressure from 200 to 100 lb. per sq. in. only decreases the 
burner capacity from 325 to 280 lb. oil per hr. Therefore, the 
usual method of regulating the flow of oil is either to turn on or 
to turn off individual burners or to change to an orifice of different 
diameter. 

Mechanical atomization was formerly used only in marine 
work where the distilled water used for making steam had to be 
condensed and recovered. This method is now being used quite 
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widely in land boiler furnaces and high efficiencies are being 
obtained. 

The advantages of the mechanical spray type of burner are: 
(a) No high pressure air or steam lines are required for atomiza- 
tion, (b) high efficiencies at high capacities are possible (due to a 
large extent to proper admission of air through air registers), 
(c) the flame is shorter than with steam-atomized burners and 
therefore the combustion space may be smaller, (d) mechanical 
atomization requires less work than atomization by either steam 
or air, (e) there is less maintenance cost for the burners. Against 
these must be balanced the following disadvantages: (a) the 
installation of mechanical atomizing equipment is more expensive 
than for other types, due to the extra strength of piping, pumps, 
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Fre. 197.—Pressure-capacity curves of Schutte-Koerting mechanical atomizing 
burner with different-size orifices. 


etc. required to withstand the high pressures, (b) they are not as 
flexible as other types, and (c) clogging of the burner tip, due to 
carbonization of the oil or to the small size of the orifice, is liable 
to make frequent cleaning necessary. ‘To help overcome this last 
difficulty extra-heavy strainers with small openings should be 
installed. The burner tips may be cleaned by blowing steam 
through them. 

4. Vapor-type Burners.—In the vapor type of oil burners the oil 
is vaporized (not atomized) in a stream of preheated air. These 
burners have been used with forging, annealing, and tempering 
furnaces, or, in general, where the stack temperatures are high 
and air recuperation (in order to preheat the air sufficiently for 
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vaporization of the oil) is possible. This type of burner is not 
suited for boiler or large furnace work, and, though used some- 
what in Europe and in small domestic installations, is relatively 
unimportant and will not be further discussed here. 


GENERAL CONSIDERATIONS IN BURNING OIL 


A medium-sized oil-fired furnace should average 5 per cent 
higher in efficiency than a corresponding coal-fired furnace. 
Efficiencies of from 75 to 80 per cent are common. These high 
efficiencies are easy to obtain, but it is also easy to run an oil- 
fired furnace inefficiently, due to the ease of admitting too much 
air for combustion and too much steam for atomization in case 
of steam-atomizing burners. For this reason it is best to install 
recording instruments, such as oil meters, steam flow-meters, 
carbon dioxide recorders, and draft gages in order to keep a 
continuous check on the plant operation. For high efficiencies 
there should be a slight haze from the stack and the flame should 
be orange, not white. The use of air preheaters where economi- 
cally possible produces excellent technical results, in that the hot 
air helps to vaporize the finely atomized oil, and thus produces a 
shorter flame or permits the use of lower excess air for combustion. 

Very heavy oil residues are sometimes difficult to burn on 
account of their high flash points (300 to 400°F. as compared 
with 150°F. for the lightest fuel oils). With such fuel, preheated 
air or a large amount of heat-radiating brickwork is desirable. 

Costs of Fuel-oil Equipment and Atomization.—From the 
results of a questionnaire sent January, 1924, to 24 manufac- 
turers of fuel-oil-burning equipment, the following overall installa- 
tion costs were calculated: 


Horsepower Sigsceassee Mechanical atomization 
150 $ 3,000 $ 5,000 
300 4,000 7,000 
900. 9,000 15,000 
1,950 14,000 23 ,000 
4,500 30,000 45 , 000 


TE 


These figures include cost of burners, strainers, duplex pumps, 
heaters, underground oil-storage tank, all necessary piping, 
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valves, fittings, and meters, together with the cost of installa- 
tion under average conditions. 

In determining the cost of atomization, as given below, a total 
of 22 per cent per year on the actual initial investment is charged 


as follows: 


Per Cent 
Interestance nears 5 yi ls e ate oes ee nO 
Denrenaron overele i eee he tea ees GON 10 
AMPSScuchClmNUNhN So, ne cesdeonel sol enon daesasns ss 8 
IMaintenanceland Nepalis eile eaten eee et ema 
Bat eMC R eR en rene arian, Sete Me Ores Death Asean 2m meme wer 


The costs are figured on the basis of 24 hr. per day, 300 days per 
year. A 150-hp. plant uses 1000 gal. of oil per day when, (1) 
weight of oil equals 7.85 lb. per gal., (2) oil contains 19,000 B.t.u. 
per lb., (3) boiler efficiency equals 80 per cent at full load. 

TABLE XCVI 


Cost or AtR FOR ATOMIZATION 


Machine type 


Displace- Piston 
Fan ment com- 
turbine pressor 
Delivery pressure. - ; 8 02. 2 |b. 80 lb. 
Anticipated induc ion ou sianoaueens 
BIT. DOL CON Us ay chars aes inns ns 36 50 88 
Cubic feet of atomization air necessary 
to burn 1 gal. fuel oil per min. ..... 960 + 480 180 
Energy necessary to compress above 
volume of air, kilowatt-hours. ..... 3.00 7.6 17.4 
Power cost—air for 1000 gal. fuel bil 
ty 2) Cissy Der Lw.-Ditrastmer a ca ee vr $1.16 $2.53 $5.80 


+ Required 1500 cu, ft. free air per gal. of oil for complete combustion. 


For figuring the cost of steam for atomization, 2.5 per cent 
of the total steam from the boiler was considered as used in 
atomization,* and is charged at a rate of 80 ets. per 1000 Ib. 

The cost of air for atomization is shown® in Table XCVI. 

* While steam-atomized burners often use only 1 to 2 per cent of the total 


steam, especially in tests, it is felt that 2.5 per cent more nearly represents 
average plant practice. 
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_ No charge for operating labor is included in the cost of atomiz- 
ing oil by steam, by air, or mechanically. 
Table XCVII gives the cost items as calculated on the basis 
of the foregoing data. From this table, the cost of atomizing 
1000 gal. of oil is plotted against equipment capacity in Fig. 198. 
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Cost Atomization per 1000 Gallons, dollars 
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Fic. 198.—Cost of atomizing fuel oil by different methods. 


The following conclusions may be drawn from a study of the 
curves: 

1. Capacity has but relatively little effect on the cost of atomiz- 
ing oil, since large installations are made up of relatively small 
units. 

2. High-pressure air is the most expensive means of atomizing 
fuel oil. 

3. In general, 8-oz. air pressure and mechanical atomization 
are the cheapest* methods of atomization and the saving by 
these methods increases as the capacity increases. 

4. Air at 2-lb. pressure is cheaper than steam in case steam 
costs more than $1 per 1000 lb. On the other hand, if steam costs 
less than this steam atomization is the cheaper. 


* The data in Table XCVII give no consideration to furnace efficiency and 
deal only with the cost of subdividing or atomizing oil. 
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TABLE XCVII 
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Cost or ATomizINnG Furey Orn 


= § si Air atomization 
On es 
a8] 4a z z u 
EM eee B a1 26 
a2 /a71 pal Am] & 
150 hp. = 1000 gal. per ee 
Air cost. . sn PP ee cae $ 1.16/$ 2.53/$ 5.80 
Steam or power cont cee ee $ 0.48/$ 2.48 
Bixedicharges),..-s.0-6¢:-e2ecen-| oF 0n] 2.20) 2.20) 9 2.20) 2e2i 
Total. . : $ 4.15/$ 4.68/$ 3.36/$ 4.73/$ 8.00 
300 hp. = 2000 are per ian 
TATE ICOB UA ORE ie Reyes oe Hirano een 2 .32| 5-06) (11560 
Steam or power cost.............| 0:96] 4.96 
Piredscharees a..tuse - J- aeeeaoalol ne 2eOo! | a. Gell aue 2.93 
Total.. : et eewee 2 O'09|2e 7289) tae 25) aisG9) Sites 
Cost per - 1000 gall Tl eee A 3.05/$ 3.95|$ 2.63/$ 4.00/$ 7.27 
900 hp. = 6000 gal. per Be 
Air cost.. eel eee] 1 2OG | PL Gel See oes 
Steam or power pee beep 2k S| LARS 
BixeduchsrgGsac peptic see ein 11.10} 6.60) 6.60} 6.60 6.60 
Total... 13.98) 21.48] 13.56} 21.78] 41.40 
Cost. per + 1000 ot “ill fod $ 2.33/$ 3.58/18 2.26/$ 3.63/$ 6.90 
1950 hp. = 13,000 gal. per ey 
FATE COBLPsabh os Sok. Bie he bak Sede anos Ree | eee 15.08] 32.89] 75.40 
Steam or power cost.............| 6.24] °32.24 
UMib-Gfo OMENS doy ob aac Sosa eoN 16.87] 10.26} 10.26] 10.26) 10.26 
Total. . : 23.11) 42.50) 25.34] 43.15! 85.66 
Cost per * 1000 mh ae |S 1.781$ 3.27/$ 1.95/$ 3.321$ 6.59 
4500 hp. = 30,000 gal. per dagee 
Air cost. : sa ciate ei[in aie ese [see eee |) CO] HOw OO Eee ROD 
Steam or power ct Pudi | a 40] 7 0 
Fixed LL ee Vanier ea S| 33.00} 22.00} 22.00} 22.00} 22.00 
Total.. ; ve eeeeee+| 47.40] 96.40} 56.80] 97.80] 196.00 
Cost per + 1000 gal. soil thartds et $ 1.58/$ 3.21/$ 1.89]$ 3.2618 6.53 


Advantages of Oil Fuel.—Oil fuel possesses the following 
advantages: (1) It weighs 30 per cent less and occupies 50 per 
cent less space than coal containing the same number of B.t.u. 
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(2) There is no 1 eee during storage. (3) There is no 
trouble from spontaneous combustion. (4) The oil storage 
may be located at a distance from the furnaces. (5) The fuel 
is immediately available and may be stored or removed with 
practically no labor. (6) High combustion rates per cu. ft. of 
combustion space are possible. (7) There is great flexibility in 
oil-fired furnaces, so that peak and valley loads are readily and 
economically carried. (8) Only a small amount of labor is 
required for handling the oil at the furnace and for cleaning boiler 
tubes. (9) No labor is required for cleaning fires or removing 
ashes. (10) It is possible to run an oil-fired furnace efficiently 
and with practically no smoke. (11) There is no wear and tear 
on machinery due to ash and dust. (12) Since there is no fuel 
bed, the pressure drop through the furnace is small, thus requiring 
less draft than either a stoker-fired or hand-fired furnace. When 
the maximum existing draft of a coal-fired furnace is insufficient 
to maintain the required load, it is sometimes advisable to change 
to oil fuel, which requires less draft. (13) High efficiencies, due 
to low excess air required, are possible with oil-fired furnaces, 
as is Shown by Table XCVIII. 


TABLE XCVIII 
Excrss Arr IN EFFICIENTLY OPERATED FURNACES OF VARIOUS TYPES 


Per Cent Excess 
Arr IN EFFICcInNTLY 


FURNACE OPpPRATED FURNACES 
(OAETC IE x SR eee! SR ona ae ee ee re ea 15-25 
Pawderscecosleured., seticu ese ss bos Delnge ear cen LOO 
Chaim-rrabesstOker-Oredr ca feo ces soos «werd baker 35-70 
Hand eden maneeee arate ker es aes Nene couscd O50 


Against all these advantages must be balanced the initial 
cost of handling equipment and the price of fuel oil. 

Oil-fired Furnaces.—The fundamental requirements for efficient 
oil-fired furnaces are: 

1. The burner must thoroughly atomize the oil. This require- 
ment is met by suitable burner design and by heating the oil. 

2. The atomized oil must be thoroughly mixed with the proper 
amount of air for combustion. This is accomplished by admitting 
a controlled amount of air through checkers under the burner, or 
through air registers and openings around the burner. When 
checkers are used (mainly with a flat-spray type of burner), 
the openings for air admission should be distributed approxi- 


494 FUELS AND THEIR COMBUSTION 


mately in the shape of the flame as indicated in Fig. 199. There 
should be no checker openings in between the flames of two oil 
burners set in the same furnace and the openings should be larger 
near the burner than at the tip of the flame. Common practice 
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Fra. 199.—Brick checkerwork arrangement in an oil-firedfurnace. (Combustion 
Engineering Corporation.) 


is to allow about 2 sq. in. of air opening per developed boiler hp. 
(or approximately 1 sq. in. per Ib. of oil fired per hr.). The 
burners should be installed from 8 to 10 in. above the checker 


work. 
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Fig. 200.—Method of air admission to an oil-fired furnace without the use of 
checkerbrick. 


The use of checkers, as outlined above, is representative of 
general current practice. The best results with mechanical 
burners are obtained when blower air is supplied through registers 
which aid mixing by giving a whirling motion to the entering air. 
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Registers also represent the best means of air admission to 
furnaces fired with either steam- or air-atomizing burners. In 
general, with the flat-spray type of burners it is better, however, 
to discard the use of checkers and admit air through the front 
wall just under the burner and oil spray, one such method being 
shown in Fig. 200. 

It is usually considered that mechanically atomizing oil burners 
are better on high overloads than steam atomizing. This belief 
is largely due to the fact that steam-atomizing burners were 
almost always of the flat-spray type with the air for combustion 
admitted underneath through checkerwork openings. Such 
openings not only give poor mixing of oil and air but the pressure 
drop is high, particularly at high loads. Consequently, large 
openings around the burner (for conical sprays) or under the 
burner (for flat sprays) are to be preferred to checkers. This 
construction is cheaper than checkerwork both to install and to 
maintain. 

3. A high furnace temperature is required to sustain combustion. 
This requires a sufficient quantity of heat-radiating refractory 
bricks in the combustion chamber, good practice’ being to allow 
from 0.9 to 1.2 sq. ft. of radiating surface per boiler hp. developed. 
The atomized oil is heated and partially vaporized by this 
radiation. 

4. Combustion must be complete before the gases are chilled. 
This requirement is met by having ample combustion space. 
Common practice for steam generation’ calls for about 1 cu. ft. 
of combustion space per developed boiler hp. From 1.75 to 
2 lb. of oil per hr. can be efficiently fired per cu. ft. of combustion 
space. This corresponds to from 33,000 to 38,000 B.t.u. per cu. 
ft. per hr. Higher rates of firing (to maintain excessive ratings) 
with the usual boiler setting are apt to give low efficiencies, due . 
to incomplete combustion, or trouble with brickwork may 
develop. 

5. Flame action must not be localized on either the heating surface 
or the furnace brickwork. If this precaution is not taken, over- 
heating and cutting will result and a deposit of soot will be 
formed. This blowtorch action is avoided by proper design of 
furnace and burner, to give a long, unobstructed path of flame 
travel. One burner® should be sufficient for a furnace setting 
6 ft. in width; in general, two burners will be required for a setting 
10 ft. wide and three burners for a 12-ft. setting. For ease of 


496 FUELS AND THEIR COMBUSTION 


ignition and to steady the flame it is well to have the edge of the 
flame near or very slightly touching a wall or floor. 

Under low, short furnaces and particularly under boilers with 
tubes which incline downwards toward the rear, burners cannot 
be located at the front of the furnace because the path of flame 
travel would be too short and the flame would impinge directly 
on the tubes. Under these circumstances it is customary to 
use the so-called ‘“back-shot’’? method, in which the burner itself 
is located at the bridge wall and the flame travel is toward the 
front of the furnace. The valves controlling the burner are 
located at the front of the furnace, as usual. This arrangement 
provides for a better distribution of heat above the boiler tubes 
and increases the effectiveness of the total combustion space. 

The Cannon radiation furnace, shown! in Fig. 201, is an interest- 
ing and highly efficient type of oil-fired furnace. Combustion 
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Fia. 201.—The Cannon radiation furnace. 


takes place in a long two-pass flue chamber constructed entirely 
of carborundum refractory tiles. The surfaces to be heated may 
‘surround the chamber to absorb the heat which is transmitted 
directly through the incandescent tiles and radiated from the 
outer surfaces; the furnace may also be arranged without the 
surrounding heat-absorbing surfaces in order to deliver hot flue 
gases for heating outside the furnace itself. 

The oil burner is located at the left end of the furnace, as 
shown, secondary air being supplied in the annular space around 
the burner. The wedge-shaped carborundum block is to facili- 
tate mixing and ignition. The path of flame travel is long and 
combustion is exceptionally rapid on account of the high tempera- 
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ture level at which AAG RE takes place. In this furnace it is 
possible to obtain complete combustion with as little as 3 to 6 
per cent excess air when the flame extends nearly to the outlet 
of the upper part of the combustion chamber. 

Size.of Combustion Space Required.—The high rate of combus- 
tion possible with fuel oil as compared with other fuels is shown 
in Table XCIX. 


TABLE XCIX 


AVERAGE RATE oF CoMBUSTION IN DIFFERENT TyPEs OF FURNACES 


B.v.u. DEVELOPED 
PER Cv. Fr. Com- 
BUSTION SPACE PER 


Typp or FuRNACE Hr. 
Pemd fined Goalies So anc Bot chong ceo eee 10,000 
nto ker tired . coal weston .cmyemnesueents are, «BOK 000 
Powaered-Coal... aaee2 sss s-hcasgesess 183 000-46)000 
TR Lever syaree tyre tag Imewy Wiese Gece near: i461 
Fuel-oil (in Cannon furnace).............. 250,000 


Gas (surface-combustion, Bonecouit Boiler) 700,000 


To obtain the size of combustion space it is necessary to know 
the number of B.t.u. that can be developed per hr. per cu. ft. 
of combustion space and the allowable gas velocities. In general, 
the velocity of the products of combustion in an oil-fired furnace 
should not be over 40 ft. per sec. except at overloads. A furnace 
designed to liberate about 35,000 B.t.u. per cu. ft. per hr. and 
with velocities below 40 ft. per sec. usually will operate 
satisfactorily. 

The effect of excess air and load on stack losses is shown in Fig. 
202. In this figure the stack temperature for two different 
loads is plotted against per cent CO» (or excess air). With large 
amounts of excess air (low CO.) the stack temperature (for a 
given load) is higher than with low excess air, as explained on 
page 363. The increase in stack loss with increasing excess 
air is, therefore, more than in direct proportion to the increase 
in the amount of gas going out at the stack. That is (for the 
case shown in Fig. 202), increasing the excess air from 60 per 
cent (8 per cent CO.) to 120 per cent (5.3 per cent COz) increased 
the stack temperature from 410 to 440°F. The amount of 
heat lost out the stack was, therefore, greater than if the losses 
were only in proportion to the extra quantity of excess air 
admitted. Moreover, increasing the load also gives an increase 
in stack temperature. This is due primarily to the greater veloc- 
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ity of the gaseous products of combustion through the boiler. 
Although the amount of oil burned (and therefore flue gas 
formed) is practically in direct proportion to the load, the rate 
of heat absorption by the boiler surfaces only increases with 
the 0.6 to 0.8 power of the gas velocity and the stack tempera- 
ture therefore is increased. 

Changing From Coal to Oil.—In changing a plant from coal to 
oil it is necessary to consider: (1) the comparative cost per B.t.u. 
of coal and oil, (2) the labor cost for operating both methods, 
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Fic. 202.—Effect of excess air and load on stack temperature at two loads, 14,000 
and 26,000 lb. of water evaporated per hr. 

(3) the cost of changing from coal to oil, (4) the fixed charges 

on each kind of equipment, (5) the cost of operating (7.e., the 

cost of operating coal-firing equipment must be compared with 

the cost of pumping the oil,) and (6) the dependability of both 

kinds of fuels. 

It must be remembered that fuel oil is sold by the barrel or 
gallon, not by weight. Therefore more B.t.u. can be purchased 
per dollar when buying a heavy fuel oil. Furthermore, the cost 
of a light oil is usually more than a heavy one, so that fuel-oil- 
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burning equipment usually should be capable of burning the 
heavy residues. In view of the rapid fluctuations in petroleum 
prices, an oil contract should, if possible, be drawn up to cover a 
considerable length of time. 

Removal of coal-firing equipment is usually necessary, though 
with high furnace settings it is often possible to leave in stokers 
and protect them by a sand and brick covering. In hand-fired 
furnaces it is best remove the grates, brick up the fire doors, and 
install the oil burners through the ash-pit doors. 

The main cost item in changing from coal to oil is the cost of 
the oil-storage tanks. In several 50,000-gal. capacity storage 
systems the costs were 10 cts. per gal. for installation and the 
modifications in the corresponding boilers cost about $20 per 
boiler hp. To offset these costs it should be noted that a change 
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Fic. 203.—Chart for determining the amount of fuel oil required to replace a 
given amount of coal under different conditions. 


from coal to oil firing usually results in an increased efficiency, 
and that increased capacities can be obtained with oil firing, 
without increase in the size of stack. In a number of new installa- 
tions provisions are made for both coal and oil firing in order 
to take advantage of any price differential between the two fuels. 
Figure 203 (chart and directions for use furnished by A. D. 
Little, Inc.) may be used to advantage in determining the advis- 
ability of changing from coal to oil, or vice versa. ; 
For example, in order to find the number of barrels of 18,000 
B.t.u. fuel oil equivalent to 1 ton of 15,000 B.t.u. coal with 70 
per cent boiler efficiency on coal, and 80 per cent when burning 
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oil, begin at point A on the chart, at the lower left-hand corner, 
follow the heavy line to the 70 per cent efficiency curve, point B, 
to the 80 per cent efficiency line on oil, and then drop down to 
point D on the 18,000 B.t.u. line for oil. Point D will be seen 
to lie between the 4- and 5-bbl. lines, approximately 4.5 bbl. 

If conditions are similar to those assumed above, except that 
the efficiency of the boilers on oil is 70 per cent instead of 80 per 
cent, follow the heavy line from A to B and thence to D’ where 
the number of barrels of oil equivalent to 1 ton of coal will 
be found to be 5.22. 

With 11,750 B.t.u. coal, 19,000 B.t.u. oil, 70 per cent efficiency 
of the boilers burning coal, and 80 per cent efficiency burning oil, 
the dash line can be followed from a to 6 to c to d and the equiva- 
lent barrels of oil for 1 ton of coal will be 3.4. In case efficiency 
of the boilers on oil is 70 per cent and all other conditions are as 
stated above, follow the dash line from a to b to c’ to d’ and the 
barrels of oil equivalent to 1 ton of coal will be 3.9. Similar 
procedure will determine the oil and coal equivalent for any 
B.t.u. coal and oil and any boiler efficiency with either. 

Having determined, by use of the coal-versus-oil chart, the 
equivalent barrels of oil per ton of coal for the desired conditions, 
figure the dollars advantage for either fuel, using for the cost of 
coal the cost delivered to the firing floor or coal bunker and in the 
case of oil the cost of oil delivered to the oil-storage tank. 

Credit oil with savings in fire-room and ash-handling labor. 
Credit coal with repair labor and material, including furnace 
lining, and the investment charges required to make the oil 
installation, including oil-storage tanks, piping, pumps, burners, 
etc. A summary of fuel, labor, repair, and investment charges 
will determine the advantage of either fuel and the extent of the 
justification for change. Generally, it is safe to assume a 10 per 
cent increase, on the average, in boiler efficiency when oil is used 
as a fuel as against coal. This figure will be decreased in some 
plants operating stoker-equipped boilers supplied with the neces- 
sary instruments and superintendence to control combustion, and 
will favor oil to a greater extent in a hand-fired boiler plant or in 
a stoker-equipped plant lacking in instruments and proper super- 
intendence to take advantage continually of the instrument 
information, or where wide fluctuations in load occur frequently. 

Oil and Tar as Open-hearth Fuel.— Within the past few years 
the use of liquid fuels for open-hearth furnaces has been increasing 
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. 
to a considerable extent, but, except in those localities favorably 
located with respect to the oil fields, oil has not made so very 
much progress. Tar, however, used in connection with coke- 
oven gas, seems to be a favorite combination. 

As fuels, oil and tar offer approximately the same advan- 
tages and difficulties. One of the difficulties with tar is that 
effective screening must be provided to remove impurities which 
may plug the burner. Inasmuch as tar is very difficult to keep 
in a suitable state, this screening or filtering must be done while 
hot and en route to the burner itself. A good type of oil burner 
should work almost equally well on a tar which has been prop- 
erly filtered. With either tar or oil the burner is subject to 
conditions which differ considerably from those of the ordinary 
boiler installations. The burner tip must extend into the furnace 


Cooling Water 
Connections 


Fie. 204.—Water-cooled oil burner applied to open-hearth furnace. (Hauck 
Manufacturing Company.) 


to a considerable distance in order that the flame may be directed 
on the bath properly. It is customary to bring the tar or oil in 
over the gas port in such position that approximately 10 ft. of 
burner length are exposed to very high temperature due to 
radiation from the roof and walls. Again, the flame in an open- 
hearth furnace is reversed about once every 15 min. and the idle 
burner is exposed to the hot waste gases (2900°F.) and any tar 
or oil left in the idle burner will be carbonized, especially near 
the discharge tip. These difficulties are usually overcome by 
water jacketing the burner as indicated in Fig. 204, by withdraw- 
ing the idle burner a short distance into the water jacket at the 
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time of reversal, and frequently by allowing a small amount of 
steam or air to bleed through the burner in order to remove any 
oil or tar in the tip and to help cool the burner. Such arrange- 
ments are usually satisfactory for preventing carbonization of the 
oil in the tip, and for preventing melting or excessive depreciation 
of the burner parts from the intense heat in the furnace. 

The condition of the furnace directly after scrap has been 
charged is such that, with the burner in its ordinary position 
above the gas port, the oil or tar impinges upon the cold scrap 
piled but a few feet in front of it. At such periods it is not 
unusual to see the entire furnace enveloped in a cloud of dense 
smoke and actually see tar and oil drops spattering out through 
the peep holes in the doors. It seems advisable to arrange the 
burner so that its angle in relation to the bath can be changed 
during the melting-down period, or be drawn back into the bulk- 
head far enough to give adequate combustion before the cold 
scrap is encountered. 

So far as is known, the steel is as good with coke-oven gas and 
tar as it is with producer gas. The presence of a large amount of 
water vapor, due to the combustion of hydrogen in the gas, and 
of steam, from atomization from the operation, does not seem to 
have a serious effect. Only tar or oil with low sulfur content 
should be used. 

Undoubtedly, as each plant more and more approaches inde- 
pendence in coke production (7.e., makes all its by-product coke) 
coke-oven gas and tar will be more widely used. 

The Use of Recirculation of Flue Gas.—Oftentimes it is desir- 
able to heat material to a comparatively low temperature only, a 
temperature far below the theoretical temperature of an oil or 
gas flame.* This can only be done with safety by one of two 
means: first, by using such a large percentage of excess air that 
the temperature of the resulting flue gas is sufficiently low; and, 
second, by burning the fuel efficiently with the correct amount 
of excess air and then diluting the high-temperature gases with 
recirculated, waste flue gas. The use of a large excess air is 
wasteful of heat, and, as a rule, it does not result in uniformity 
in heating. The use of recirculated flue gas is economical, 
since the excess air used is low, and, by means of a high recircu- 
lated gas velocity, it is possible to get good capacity from a given 

* What follows applies to any kind of a flame, whether produced by oil, 
gas, powdered coal, stoker fire, or other means. 
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equipment without the danger of overheating. The amount of 
recirculated flue gas to be used depends on local conditions, 
particularly the allowable difference in temperature between the 
flue gas and the material to be heated. The use of this principle 
is shown in Fig. 205, where starch is to be heated to 500°F. in 
four rotary cylindrical ovens by the use of an oil fire. The hot 
gases from the oil-fired furnace are diluted and chilled by the 
return flue gas before they touch the starch driers themselves. 
Also, the hot gases are put in at the top and the cooler gases are 
taken off at the bottom, since the flow of gas in this direction 
increases the uniformity of temperature within theovens. By 
the use of this method high-temperature flames may be used with 
safety to heat or dry materials that would be damaged if exposed 
directly to high temperatures, 
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Fic. 205.—Application of flue gas recirculation. Diagrammatic. 


DOMESTIC OIL BURNING 


During the last four or five years the use of oil for the heating 
of homes, apartment houses, stores, and office buildings has 
increased tremendously. At the beginning of 1925 there were 
in the United States, probably, over 300,000 oil burners in use 
for this purpose. The chief attraction that has caused this 
rapid development is that complete oil-burning sets have been 
developed so that operation is nearly automatic. Thus, the 
burner maintains the building at a constant temperature regard- 
less of weather, the extent to which the oil burner operates being 
regulated automatically. In the development of this equipment, 
it was found that this regulation could be secured with greater 
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reliability by the use of an intermittent-type burner rather than 
by means of throttling or reducing the flow of oil. Consequently, 
the method of operation, for a steam-heated building with a 
thermostat (temperature regulator) in the living rooms and a 
pressurestat (pressure regulator) on the boiler, is as follows: 
Assuming everything cold, the oil burner starts oil and air into 
the furnace and this mixture is automatically ignited. _Combus- 
tion continues until the predetermined pressure on the steam 
boiler is reached; the burner is then automatically shut down by 
the pressurestat until the boiler pressure has dropped a bit, when 
the burner automatically starts up again. This performance is 
repeated until the living rooms have reached the desired tem- 
perature, at which time the thermostat shuts off the burner 
which then remains off independently of the pressurestat control 
on the boiler. After the temperature within the living rooms has 
fallen a definite amount (only 2 or 3° if desired) the boiler 
pressurestat again takes control until the living rooms have 
again reached their maximum allowable temperature. In this 
way no excess of pressure is developed in the boiler and the 
temperature of the living rooms is kept nearly uniform. 

Quality of Oil Used for Domestic Burners.—The type of oil 
used in domestic heating (apartment houses, hotels, etc.) is 
usually either* 44°Bé. furnace oil (a crude kerosene) or the 
heavier 28 to 30° Bé. distillate. The latter oil has the advantages 
of (1) lower price, (2) a wider market, (3) a higher gravity and 
therefore more B.t.u. per gal., and (4) less fire hazard on account 
of its lower flash point. No oil with a flash point below 150°F. 
should be used in this class of service. 

Types of Domestic Oil Burners.—Domestic burners may be 
classified according to the way the air for combustion is taken 
in either as (1) natural draft, in which the air is drawn in by the 
natural draft of the chimney, or (2) forced draft, in which the 
air is blown in by an electrically driven fan. Again, domestic 
oil burners may be classified in accordance with the manner in 
which the oil is fed to the burner, either as (1) gravity feed, in 
which the oil flows into the furnace from a storage tank by 
gravity, or (2) pressure feed, in which the oil is foreed or drawn 
into the burner by a mechanical action. In pressure-feed burners 
the oil is either (a) forced into the burner by a pump (usually a 
rotary) and atomized mechanically by passing through a fine 

*See Chap. VI. 
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nozzle, or (b) it is drhwn into the burner by a vacuwm induced by 
the blast of air for combustion, or (c) it is pumped to the inside 
of a rotary cup or disc, the oil being atomized and thrown off the 
rim of the cup by centrifugal force. In general, gravity-feed 
burners use natural draft only and the oil usually is vaporized, 
either by heating in a pipe or hollow casting which is in the 
burner flame, or by dripping on a plate or dome kept hot by 
direct contact with the flames. Oftentimes combustion is aided 
by preheating the required air. These burners are subject to- 
trouble from plugging and carbonization, due to the oil “‘crack- 
ing”? during the vaporization process. They have the further 
disadvantage that considerable attention is needed to keep them 
running properly. These burners usually smoke when starting 
up cold, and, since the amount of air drawn in is dependent on 
natural draft, the quality of the flame (freedom from soot), 
and the efficiency of the burner, are not usually built into the 
equipment but depend on the draft. These disadvantages are to 
a certain extent offset by the low cost of the burners and by 
the fact that low capacities are possible. This is of distinct 
importance in domestic heating. Furthermore, no electric 
power is required for operation. The use of burners of this 
type is usually confined to small homes. . 

In the vacuum type a blast of air from an electrically driven 
fan aspirates oil from a carburetor in a manner similar to feeding 
gasoline in an automobile. This type of burner requires the 
lighter grades of oil (crude kerosene of about 40 to 44°Bé.). 

The forced-feed type of burner depends for its atomization on 
the garden hose or mechanically atomized oil burner principle, 
namely, forcing ot] out through a small orifice under pressure. 
Several burners of this type thoroughly premix a small amount 
of air with the oil and then force the mixture through a fine 
orifice. This type of burner uses the heavier oils, such as gas 
oil (35°Bé.) or light-fuel-oil distillate (28 to 30°Bé.). 

The rotary type of burner has already been described on p. 
485. In general, the lighter furnace oils are most suitable for 
these burners, although oils as heavy as 12 to 14°Bé. may be 
used very satisfactorily if the oil is thoroughly preheated. 

The Efficiency of Domestic Oil Burners.—Except for the 
gravity-feed type, practically all domestic burners are inter- 
mittent in action, 7.e., there is a period during which the fire is on 
full followed by a period in which the fire is shut off. This 
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introduces into the question of burner efficiency a factor usually 
not encountered in large-scale industrial oil burning, namely, the 
heat lost up the stack during the period when the fire is off. 

Although little has been published on this phase of burner 
efficiency, there are available the results of tests? on both the 
pressure type and the rotary type of domestic oil burner. 
The heat balances on boilers fired by one pressure-feed type of 
burner (in which the oil is mixed with a small amount of air and 
then sprayed through an atomizing nozzle into a fire box), and 
by two different makes of rotary domestic burners are given 
in Table C. 

TABLE C 


. 


Herat BaLANcr on BoiLers FrrRED WITH DomEstTiIc BURNERS 
(Load = 0.0075 lb. of oil per sq. ft. of boiler area per hr.) 
Pressure- | Rotary- Rotary- 


feed-type | type bur- | type bur- 
burner, | ner No. 1, | ner No. 2, 


per cent per cent per cent 
Stack losses: 

sensible heates.cnosk eter 1Gisk 33.8 37 .4 
2. Latent heat of vaporization...... 6.6 6.5 6.6 

3. Potential heat of unburned oil 
(CYCLOP, Ree ARI int Mot Si oh 0.0 0.0 0.0 
Riadiation (assumed) ine ier 4.0 4.0 4.0 
Unaccounted for (assumed)........... 4.0 4.0 4.0 
Lota TOSSES) yasat at as, coerce ae 30.7 48.3 52.0 
Botlersethiciency. ste ieee Reet 69.3 ee, 48.0 

| 


In these tests the stack temperatures ranged from 515 to 
695°F. The excess air was about 90 per cent for the pressure- 
feed type of burner, while over 300 per cent excess was required 
with each of the two rotary-type burners to get clean burning 
without a smoky flame. The high amounts of excess air (inher- 
ent in some rotary-type burners) of course result in low boiler 
efficiencies. 


The effect of the length of time the burner is on and off, and of 
Time Off 


Time On 
that the greater the ratio of time off to time on the lower becomes 


the ratio of > is shown in Fig. 206. The figure shows 
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the efficiency, as the boiler is heating the air leaking in through 
the furnace during the period of idleness. Moreover, the tem pera- 
ture of the stack gas is highest just after the burner is shut down 
and therefore the efficiency is lower when the burner is on 1 min. 
and off 1 min. than when it is on 10 min. and off 10 min. It is, 
therefore, advisable in domestic oil burner installations so to 
adjust the rate of oil feed as to make burner operation as nearly 
continuous as possible. Also, it is essential that the furnace be 
closed tightly, with forced-draft burners, as otherwise the inher- 
ent efficiency of this type of burner is lost. 
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Fie. 206.—The efficiency of a domestic boiler fired with an automatic oil burner 
—intermittent operation. 


Methods of Ignition in Domestic Oil Burners.—The ignition 
of the vaporized or atomized oil and air mixture usually is accom- 
plished by means of a continuously operated gas pilot light. 
Sometimes the size or length of this pilot is made to increase 
automatically when the burner starts. Another method, which is 
suitable only with the higher Baumé, more volatile oils, is to 
ignite the oil-air mixture with an electric spark. In general, this 
method is not so reliable as the gas pilot, particularly with the 
heavier domestic fuels. A third method is automatically to turn 
on a gas pilot just prior to feeding the oil into the furnace, ignit- 
ing the gas by means of an electric spark, which, in turn, ignites 
the oil; after the oil has been ignited, the gas and the spark are 
automatically shut off. With natural-draft burners the usual 
procedure is to throttle the oil fire to a small pilot flame of low oil 
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- consumption, but not sufficiently low to go out. Natural-draft 
burners, therefore, in contrast with the on and off pressure 
burners, operate continuously with a high and low fire. 

Safety Features of Domestic Oil Burners.—In order to prevent 
accidents, devices must be installed to shut off the burner if the 
oil does not ignite or if the oil is fed in too rapidly to be com- 
pletely burned. The most common method is so to shape the 
burner or fire pot that any unburned or unignited oil collects and 
runs through a pipe to a small trip bucket on the outside of the 
furnace. The weight of the oil actuates a switch, shutting off the 
motor connected to the air and oil-pumping set. Another 
method is to place a pyrometer or bimetallic element, usually 
called a ‘‘stack safety,’ in the stack of thefurnace. Ifthe burner, 
motors, and fans are in operation, the temperature of the stack 
must be above a predetermined minimum: otherwise the stack 
safety operates a relay which shuts down the entire apparatus. 
This same device may, on the other hand, be placed so as to receive 
radiant heat from the fire box, 7.e., if no radiant heat is received 
by the pyrometer or bimetallic element within a certain time (for 
example, if the oil failed to ignite) the entire mechanism, fan, 
pump, etc., shuts down. In another device the safety mechanism 
is operated by the momentarily increased pressure which results 
when the atomized oil ignites. If the pressure impulse is not 
received within a fixed time, the control mechanism shuts down 
the burner automatically. 
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CHAPTER XVII 


FURNACE EFFICIENCY AND DISTRIBUTION OF HEAT 
LOSSES 


No industrial furnace operates at 100 per cent efficiency and in 
almost all cases the heat losses exceed 20 per cent of the total 
heat input. In the majoirty of operations, except for boiler 
furnaces, the efficiency is less than 50 per cent and in extreme 
cases may be as low as 5 per cent. The amount of heat and 
money lost through this inefficiency reaches tremendous propor- 
tions. Although these losses are large, they are, in some cases, 
unavoidable. This is true only in furnaces where a serious effort 
is made to maintain the highest possible efficiency. Unless this 
effort is made, the efficiency usually will be below the maximum. 
Fuel saving is more marked in furnaces operating at low effi- 
ciencies, for, although an increase in efficiency from 70 to 80 per 
cent results in a 12.5 per cent decrease in fuel consumption, an 
increase from 20 to 30 per cent results in a decrease of one-third 
in the total fuel consumed. 

Improvements in the operating efficiency of a furnace can be 
made best only when the operating efficiency and the magnitude 
of the various losses are known. In many plants large losses are 
continually taking place simply because they never have been 
determined. 

Unless heat balances* are made, the only indication of low 
efficiency is in a high fuel cost. Since the determination of 
furnace efficiency is usually extremely simple, especially for 
approximate results, complete records of the characteristics of 
each furnace in a plant always should be available. 

A low efficiency alone merely indicates that improvements 
in operation are necessary. Distribution of losses shows where, 
and often how, the improvements should be made. There usu- 
ally are a number of places where heat losses may occur and the 
greatest ene obviously, can be made where the loss is 
greatest. “All losses should be reduced to the lowest possible 


* See Chap. X on Combustion Calculations, 
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value, but the greatest savings can be made most easily by 
decreasing that loss which is furthest above the normal loss for 
the conditions under which the furnace is operating. For this 
reason a complete study of the distribution of the heat losses is 
necessary for a wise revision of furnace design or operation. 

Although for purposes of design, maximum furnace efficiency 
does not guarantee maximum economy of operation, in furnaces 
already built it generally does. That is, by sacrificing efficiency 
it is often possible to construct a furnace with such a low invest- 
ment, and therefore such low overhead charges, that it can be 
operated at a lower total cost than a larger, more expensive fur- 
nace operating at higher efficiency. With a furnace already in 
operation, however, maximum financial economy is usually at the 
point of maximum fuel efficiency, since the overhead charges are 
practically constant. 

Furnace Losses.—The major divisions of heat losses in any 
furnace are shown by the following table: 


TABLE CI 


FurRNACE Losses 


1. Stack loss: 
(a) Sensible heat. 
(b) Potential heat. 
(c) Latent heat of water vapor. 
2. Cinder loss: 
(a) Sensible heat. 
(b) Undeveloped heat. 
3. Radiation. 
4. Other special losses. 
5. Unaccounted-for losses. 


Stack Loss.—When any fuel is burned with air the heat gener- 
ated is first picked up almost entirely by the flue gases formed on 
combustion. A large proportion of the heat may then be 
transferred to the material in the furnace, whether it be steel, 
molten metal, or the heat-absorbing surface of a boiler. A 
part of the heat, large or small, may be retained by the gases, 
pass to the stack and out to the atmosphere. The heat thus lost 
is considered as stack loss and may vary from 10 to 50 per cent, 
depending on the temperature and quantity of flue gas. 

The heat thus lost may consist of sensible, potential or unde- 
veloped, and latent heat. Sensible heat is the heat carried by 
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the gases due to the temperature difference between entrance air 
and exit stack gas. Potential or undeveloped heat is the heat 
available as unconsumed gas, such as carbon monoxide, hydro- 
gen, methane, or soot. Latent heat is the heat of evaporation of 
any water present in the flue gas. 

Sensible Heat.—Sensible heat in the flue gases leaving the 
furnace is dependent on two factors: (1) the volume of gases, 
and (2) their temperature, which governs the amount of heat per 
unit volume. The amount of heat per unit volume depends 
almost wholly on the exit temperature of the stack gases, while 
the volume depends on the air used. In order to maintain the 
minimum sensible-heat loss, it is necessary to cut down the 
volume of the stack gases by using a minimum excess of air for 
combustion and to secure a minimum stack temperature by the 
use of suitable heat interchangers. In general, the proper 
regulation of air and fuel, with the elimination of leakage into 
the furnace, and keeping the heat-absorbing surface free from 
soot, scale, etc., are the most productive methods of securing best 
results. 

Potential or Undeveloped Heat.—Potential heat in the uncon- 
sumed gases is determined by the design of the combustion 
chamber and by the excess air used. With a furnace in 
operation, the chief means of regulating the loss of undeveloped 
heat are by increasing the efficiency of mixing and by controlling 
the air used for combustion. 

Air Regulation.—Proper regulation of air does not necessarily 
mean the use of the quantity of air theoretically necessary for 
combustion of the fuel. A decrease in air to this amount will 
ordinarily cause a large loss of undeveloped heat (unburned fuel). 
The two factors which are affected by a change in air are sensible 
heat and undeveloped heat. In general, an increase in air used 
increases the sensible-heat loss and decreases the loss due to 
unburned fuel. The use of quantities greater than that required 
to burn all the fuel is obviously wrong. The maximum fuel 
efficiency is obtained at the point where the sum of sensible and 
undeveloped heat isa minimum. Since a small amount of carbon 
monoxide (CO) causes a large undeveloped-heat loss, the point 
of maximum efficiency is usually found to be where the CO is 
less than 0.5 per cent and the excess air a minimum for this 
condition (see p. 364). In any furnace, combustion should be 
carried on under conditions which result in the minimum total 
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stack loss; that is, at the point where the sum of the sensible- 
heat loss, the potential-heat loss, and the latent-heat loss is a 
minimum. Since the latent-heat loss is constant for any 
given fuel, the air supply should be so regulated that the sum 
of the sensible-heat loss and the undeveloped-heat loss is a 
minimum. 

Latent Heat.—Latent heat in the stack gases is the heat of 
condensation of the water in the flue gas, which includes the 
water formed from the combustion of the hydrogen in the fuel 
and the water present as moisture in the fuel and air. The 
largest of these items is often the water from the net hydrogen 
in the fuel. This loss cannot be controlled except by changing 
the type of fuel, and it is essentially independent of the amount 
of air used. If the heat balance were based on the net or low 
heating value of the fuel, this latent heat would not appear as a 
loss in the heat balance, but general practice is to use the gross 
or high heating value, so that the heat of condensation of the 
water must be considered as a loss in the heat output. 

Cinder Loss.—The cinder resulting from the combustion of 
solid fuel may contain a certain proportion of combustible matter 
caused by improper firing or by the enclosure of carbon within 
the particles ofash. In hand-fired furnaces operating at relatively 
low capacity, this loss is usually small. Mechanical stokers, 
operating at a high overload, unless using preheated air, often 
carry a large amount of unconsumed coal into the ash pit. 
Cinders from a mechanically stokered boiler have been found to 
contain as high as 60 per cent carbon, when the stoker was 
operating at a very high overload. Although under some 
conditions the ash loss may be negligible, supervision is necessary 
to assure minimum loss. In powdered coal furnaces it is neces- 
sary to watch the unconsumed carbon in the fine dust particles 
going out the stack. This is particularly important when 
low volatile coals are being burned with low excess air. 

Sensible heat lost in the cinder is seldom of any importance 
and is always less than 1 per cent. Usually the heat isreturned 
to the furnace by cold air passing over the hot cinder. For these 
reasons, sensible-heat loss in the cinders is seldom determined. 

Radiation.—The loss in heat from a furnace due to conduction 
through the walls may be the most important source of loss. In 
electric furnace work and, in general, in all large furnaces operat- 
ing at high temperatures, the heat lost by conduction through the 
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walls and subsequent radiation and convection from the surface, 
may be even greater than the amount of heat actually utilized. 
Proper construction of the furnace may reduce this loss to a 
minimum, but to accomplish this, a large initial investment may 
be necessary. The thickness of furnace walls and the type of 
insulating materials used are dependent on an economic balance 
of fuel saved and the increased fixed charges on the furnace. 
With cheap fuel a simple furnace allowing high radiation losses 
is more economical than an expensive, well-insulated furnace 
with low losses. Large furnaces, using large quantities of fuel 
of high cost, necessitate good insulation for maximum economy. 
Many times it is necessary to eliminate heat insulation and thus 
permit a large heat loss by radiation and convection for the pur- 
pose of increasing the strength of brick walls and arches. 

Other Special Losses.—In furnaces of various types other special 
losses may be of great importance. In the blast furnace, open- 
hearth furnace, and gas producer, heat lost in cooling water 
cannot be neglected. In cement or brick kilns heat lost in the 
product may be relatively large. The loss of heat due to heating 
the furnace itself may be large in non-continuous furnaces. In 
determining the distribution of heat losses, all special losses of 
the above type should be measured if possible. 

Unaccounted-for Losses.—In most furnaces the total heat input 
cannot be accounted for in the heat output. That is, the 
measured output is somewhat lower than the input. This heat 
is labeled ‘“‘unaccounted-for loss’? and represents a number of 
minor losses which either cannot be measured or are too small to 
make their determination advisable. There is a tendency, 
however, to allow too many losses to accumulate in this category. 
The unaccounted-for loss should never be over 10 per cent, since 
it should be possible to determine a loss as great as 5 per cent. 
Usually, on a careful test, it is possible to reduce the unac- 
counted-for loss down to 3 per cent or under. Often this loss is 
due to the fact that the temperature of the stack gases was 
measured under such conditions that the apparent temperature 
of the gas was lower than the true temperature, due to the cooling 
effect of the walls of the stack on the pyrometer.' 

Heat Balance.—The heat balance is an expression of the 
results of a test on a furnace, showing the distribution of heat 
input and heat output. It is a convenient method of outlining 
the important factors and summarizing results. Several 
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methods of testing* a furnace are possible, depending on the 
results desired. Thus either increased capacity or improved 
fuel efficiency may be the important factor. Again, a material 
balance or an element balance, such, for example, as a sulfur 
balance on a blast furnace, may be necessary to determine the 
distribution of certain materials or elements. For each of these 
purposes a slightly different method of testing is necessary. The 
heat balance, such as a balance on an open-hearth furnace, 
necessitates a material balance and a measurement of capacity 
and efficiency, and so is a very complete method of testing. An 
element balance may be made in the same manner asa heat balance, 
determining amounts of the element involved instead of heat. 

Basis of Heat Balance.—In presenting a heat balance, and 
comparing with others on the same type of apparatus, care must 
be taken that the basis of the balances is the same. Obviously, 
a balance on a percentage basis is better for comparative purposes 
than a balance on a B.t.u. per hr. on per ton basis, since the time 
and quantity factors are eliminated. The basis on which the per- 
centages are reported must be definitely stated. The usual 
method is to include all the materials in the input and determine 
the results as a percentage of this total input. On the other 
hand, the heat in the fuel may be considered as the only input 
and the results determined as per cent of heat in the fuel. Thus 
the heat input to a boiler may be considered as the heat in the 
fuel alone or as the heat in the fuel plus the heat in the feed water. 
In the first case the useful heat is that used in raising the feed 
water from its initial temperature and converting it to steam at 
its final temperature. In the second case the useful heat may 
be considered as the total heat in the steam. For example, 
assume that the heat in the feed water is 10 per cent of the heat 
in the fuel. Heat balances based on the two conditions above 
are shown in Table CII. 

In other words, 60 per cent of the heat in the coal is useful work, 
as shown by the first balance, while 63.6 per cent of the total heat 

* For accurate tests to determine whether the furnace is operating at 
guaranteed rating and efficiency, the test codes adopted for the testing of 
such a furnace must be rigidly followed. Such codes are the Boiler Test 
Code and Producer Test Code of the American Society of Mechanical 
Engineers? and the Coke-oven Test Code of the American Gas Association. 3 
The data obtained by following the outline of these codes are essentially the 


same as in the heat balance as outlined here, but the arrangement is some- 
what different and additional incidental data are required. 
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TABLE CII 


Bower Hear Banances 
el it ee eee ee es 


Method 1, per | Method 2, per 


cent cent 
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input is present in the steam, as shown by the second balance. 
Both bases are used in practice, but the actual basis chosen must 
be designated to make the results of value. 

A difference is often encountered due to the use of high (gross) 
and low (net) heating values. For example, consider a case 
where the total heat lost in the stack gases from a boiler fired 
with coke-oven gas is 25 per cent of the gross heat in the fuel, 
while the sensible- and potential-heat losses are only 13 per cent 
of the gross heating value, or 15.3 per cent of the net heating 
value. Assuming no other heat losses except stack losses, the 
efficiency of the boiler based on the gross heating value is 75 per 
cent, while based on the net heating value it is 84.7 per cent. 

In specifying the basis used, the datum line should also be 
included. The datum line is the starting point for calculations 
of sensible heat and may be at any normal temperature. The 
heat input as sensible heat in the air and fuel used will be different 
if a starting temperature of 32°F. is used than if the temperature 
is 60°F. On the other hand, if 2 per cent is added to the heat 
input in this manner it will also be added to the heat out- 
put, so the net result will still be a complete balance. This 2 
per cent added heat input will appear as in the stack loss as sensi- 
ble heat in the output, and the efficiency of the boiler in the pre- 
vious example (gross heating value used) on this basis will then be 
decreased by 1.5 per cent, or from 75 to 73.5 per cent. The 
stack loss will be increased from 25 to 26.5 per cent. 

From the above values, it is evident that, for comparing the 
efficiency of equipment, the basis must be the same. Any basis 
may be used, but it must be clearly shown, and data must be 
available for calculating the values on any other basis. For 
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convenience in comparisons, it is recommended that the total 
heat input, high heating values, and a datum line of 60°F. be used 
in all heat balances. This follows the most widely used 
practice in the industrial field. 

Summary of Heat Balances.—The distribution of heat in fur- 
naces of different types is summarized in Table CIII. No 
attempt has been made to present best results for each type, but 
merely to show what results are being obtained in general prac- 
tice. Considerable variation from these results may be found in 
many furnaces, but the values of the various heat quantities 
indicate the usual magnitude. 
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In order to correlate and compare the results on all the types of 
furnaces, the various heat balances were arranged in accordance 
with the headings of the first vertical column. In some cases 
it is not possible to separate the losses as given in this column and 
often several separate losses had to be grouped together. For 
example, where no unaccounted-for losses occur in the table the 
radiation loss given includes both radiation and unaccounted-for 
losses. 

Furnace Testing.—The method of testing a furnace depends on 
the results desired. Since a heat balance includes most of the 
possible results, and since the same general methods are appli- 
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cable to material or element balances, the following discussion will 
be on the basis of a heat balance. 

Before starting a test, the time necessary to prevent error due 
to accumulation or depletion of heat within the furnace must be 
decided upon. In a non-continuous process, the test must cover 
at least one complete cycle and should preferably cover two or 
more. In a continuous process where there is no possibility of 
change in the entering raw materials and the finished product, 
the time factor is not so important. In the majority of com- 
mercial applications the time must be long enough so that the 
raw materials entering will leave as products before the test is 
completed. Thus a blast-furnace test, to be of value, must be 
carried over a period of three or more days in order that the 
entering materials may have time to pass through the furnace 
and come out as product. When material does not move con- 
tinuously through the process, and may build up within the 
apparatus, as, for example, in a boiler, the test must be carried 
over a sufficient period (usually 24 hr. or more) so that any 
accumulation, such as a change in the amount of fuel on the grate, 
will be negligible compared to the total amount consumed. 

Quantity Measurements.—For a complete and accurate test, 
quantity measurements are essential. The amount of solids, 
liquids, and gases used or formed, and the analyses of each, should 
be determined as far as possible. Standard methods of measure- 
ments and analysis should be used. In many cases it is difficult, 
or impossible, to weigh or measure quantitatively all the streams 
of material entering or leaving a furnace. By means of balances, 
using the data from analyses of the various streams, the ratio 
of one stream to another may be calculated. If one stream is 
weighed or measured, and analyses of all streams are known, then 
it is possible to calculate the quantities of each stream. To 
determine efficiency, analyses without quantity measurements 
will often be sufficient, but to determine capacity the quantity 
of at least one stream of material must be weighed or measured. 
For example, the amount of air entering a boiler furnace is seldom 
measured directly, but is determined from the weight and analysis 
of the coal and the analysis of the flue gas and cinder by means of 
carbon, nitrogen, and ash balances.* Although it is necessary 
to weigh or measure only one stream of material entering or 
leaving a system and to analyze the others, still, for purposes 

*See Chap. X. 
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of cross-checking, it is advisable to weigh or measure at least 
two streams. 

Heat Content.—The measurement of the heat content or the 
heat per unit quantity must also be made. These usually con- 
sist of the determination of heat of combustion and temperature. 
The former may be obtained by means of a calorimeter! and the 
second by means of thermometer, thermocouple, or optical pyro- 
meter.'* Other data on the thermal capacity of materials may be 
obtained from tables such as those in Chap. X. 

Heat Balance.—The heat efficiency of a furnace and the distri- 
bution of the heat losses may be best shown by a heat balance. 
The heat input to and output from the furnace are determined 
and may be arranged, in general, in the following manner: 


TABLE CIV 


Heat BALaNnce 
Input: 
Heat in fuel (coal, oil, gas, etc.). 
Heat in auxiliaries (steam, air, etc.). 
Heat in raw materials (feed water, molten iron, etc.). 
Output: 
Heat in product (steam, steel, etc.). 
Heat absorbed in reactions in furnace (for example, CaCO; = CO, + 
CaO — 76,500 B.t.u. per lb.-mol). 
Heat losses. 
Stack loss: 
Sensible heat. 
Potential heat (undeveloped heat or unconsumed fuel). 
Latent heat of water (from the combustion of H, in the fuel, etc.). 
Cinder loss. 
Radiation loss. 
Other measurable losses. 
Unaccounted-for losses. 


Heat Input.—The heat input is derived from the heat in the fuel, 
the heat in the auxiliaries, and the heat in the raw material. 

Heat in Fuel.—The amount of heat entering the furnace is 
the product of the quantity of fuel and the heat per unit quantity, 
or the pounds multiplied by the B.t.u. per lb. Measurement of 
quantity is dependent on the type of fuel and special conditions of 
handling at the furnace. If coal is the fuel it is usually possible 
to weigh it. Oil is easily metered and gas, natural or manufac- 
tured, is easily measured by a displacement meter or by an orifice. 
In some cases, special methods have to be used, especially if only 
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one of a series of furnaces is being tested. For example, it is 
usually difficult to measure directly the volume of blast-furnace 
gas being consumed in a blast-furnace stove. It is possible, how- 
ever, to blow a known amount of air into the pipe line feeding 
the gas to the stove, and, by analyzing the blast-furnace gas 
before and after such dilution, to calculate the volume of blast- 
furnace gas entering a particular stove. 

Determinations of heating value may be made directly by 
means of a calorimeter or by calculation from analysis. In any 
case a knowledge of the total carbon content of the fuel is neces- 
sary for other engineering calculations. The actual analytical 
data necessary relative to the fuel are the heating value, moisture, 
total carbon, and ash. If no other means exist, the carbon in 
coals may be calculated from the proximate analyses and heating 
value by formulas given on page 257. Total carbon in gases may 
be determined by explosion and absorption COs. 

Heat in Auxiliaries—In many cases the heat entering the 
system in auxiliaries (steam and air) is a relatively small fraction 
of the total heat input and may be neglected. If a large amount 
of steam, or preheated air is used, however, the amount of heat 
entering in this manner may be large. The quantity of these 
materials may be measured directly, although in many cases 
they are more easily calculated. The methods of calculating 
the amount of steam used in a producer and the amount of air 
used in furnaces are discussed in Chap. X. The sensible heat 
per unit quantity of material is determined from temperature 
measurements with thermometer or thermocouple and a knowl- 
edge of the specific heat. 

Heat in Raw Material—The quantity and the temperature of 
raw materials must be measured and the heat entering by this 
path determined from the product of the weight, the tempera- 
ture difference (above the datum line chosen), and the mean 
specific heat over the temperature range involved. 

Heat Output.—The heat output is divided between heat in the 
product, heat absorbed in reactions, and various losses. These 
losses are: (1) the heat lost in the manufactured product, (2) 
the stack loss, (3), the cinder loss, (4) the heat lost by radiation, 
(5), other known losses, and (6), unaccounted-for losses. 

Heat in Product.—The amount of heat in the product is in 
many cases a direct measure of the heat utilized efficiently by the 
furnace. In the boiler furnace or reheating furnace, for example, 
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the object to be obtained is heating the product (steam or steel). 
The quantity of product may be determined by direct measure- 
ment, but is usually calculated by material balances from the 
amount of raw material. In the boiler or heating furnace, 
the product is equal in weight to the raw material, and since the 
raw material may be measured more easily this is usually done. 
In the lime kiln either the entering raw material or the prod- 
ucts may be measured and the other calculated by a calcium 
balance based on analyses. The gaseous product from a pro- 
ducer is calculated from the weight of coal and the analysis of 
coal, ash, and gas for carbon. Balances, of materials or ele- 
ments, may be applied in practically all cases to calculate the 
ratio of raw material to product, and measurement of the amount 
of one will permit calculation of the amount of the othér. 

The heat per unit quantity of product may be sensible, poten- 
tial (undeveloped), or latent heat, depending on the type of 
product. In any case it may be determined from analyses, 
temperature, and heating value of the product. The last is not 
absolutely necessary, since in many cases it may be calculated 
from analysis, but when it is a major proportion of the heat 
output, it should be determined directly to prevent errors in 
the results. In the boiler a major proportion of the heat is 
latent heat of evaporation, with some sensible heat of the hquid 
and of superheat. Producer gas contains most of its heat as 
potential or undeveloped heat, together with sensible heat due to 
the gas being at a high temperature. Steel from the open-hearth 
furnace contains most of its heat as sensible heat, with a small 
amount of latent heat of fusion and of other chemical changes in 
the steel. In general, the amount of heat may be determined 
from the temperature, analysis, and quantity of material. 

Heat Absorbed in Reactions.—When any chemical reaction 
takes place a definite amount of heat is liberated or absorbed. 
Thus, combustion of fuels with air generates heat, while reduction 
of CO, with C absorbs heat. In the same way the reaction 

CaCO; = CaO + CO, — 76,500 B.t.u. per lb. mol, 
which takes place in the lime kiln, absorbs heat. Numerous 
other reactions taking place in furnaces either absorb or develop 
heat. It will be noted that the actual heat of combustion of 
the CaCO; or CaO + COs, as measured in a calorimeter, would 
be zero. In other words, the heat of combustion has not 
changed, but a certain amount of heat energy has been absorbed 
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by the system and converted into chemical energy. The true 
balance on a furnace should deal with the total energy input and 
total energy output, but conversion of the various types of 
energy to a thermal or heat basis permits simple calculations. 
Thus, instead of adding the total energy in CaCO; to the input, 
and the energy in CaO and COs, to the output, the difference 
between output and input alone is used, and is converted to the 
heat-energy basis. The amount of heat absorbed or developed 
by any reaction may be found from tables of chemical reac- 
tions. 16 The quantity of material taking part in the reaction 
is determined from the analysis and quantity of raw materials 
and products. 

Heat Loss in Products.—In many cases the heat contained 
in the products must be considered as heat lost, rather than useful 
heat. For example, the heat contained in lime from a rotary 
kiln has no further usefulness as sensible heat in the lime, and 
should be recovered. It is, therefore, a heat loss. However, 
the heat contained in iron from: the blast furnace may not be 
lost, since it is necessary to maintain the iron in the molten state 
for pouring. The heat contained in the steel from the open- 
hearth furnace is usually not considered as a loss, because one 
of the major functions is melting of the iron. It is conceivable, 
however, that the heat in all these products might be recoverable 
and thus constitute a loss of heat. Common practice often 
considers the heat in the product as useful work, except where 
recovery of the heat is perfectly feasible. When comparing the 
efficiencies of various types of apparatus, it is absolutely necessary 
to know the basis on which the calculations were made. 

Stack Losses.—The amount of heat lost in the stack gases as 
sensible, latent, and undeveloped heat may be the major source of 
heat loss. To determine the magnitude of these losses, analysis 
of fuel and flue gas and temperature of the flue gas are usually 
necessary. The methods of calculation are outlined in Chap. X, 
and under some circumstances the analysis of this stack gas and 
its temperature gives sufficient data to calculate the per cent 
heat lost up the stack (see Figs. 53 to 57, Chap. X). 

Cinder Loss.—For the determination of cinder loss, analyses 
of fuel and cinder are necessary. In most cases, and especially in 
boiler testing, the actual weight of carbon lost in the cinder may 
be more accurately calculated from analysis than from weighing 
the cinder directly, due to the varying proportion of water present. 
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The use of the enn for this calculation is illustrated in 
Chap. X. 

Radiation Loss.—In furnaces having walls which are maintained 
at relatively low temperatures, the amount of heat lost is small 
and is usually determined by difference when all other losses 
have been computed. The loss may be large in furnaces operat- 
ing at high temperatures and should be calculated directly. If 
the temperature of the outside walls of the furnace is measured, 
the coefficients of heat transfer from the walls to the room may be 
determined, and the heat loss calculated as indicated in Appendix 
II. When the thickness of the walls and the temperatures on 
each side are known, the amount of heat lost may be determined 
from the conduction equation (p. 749). In some cases both 
methods may be used and the results should agree. The error 
may, however, be large, due to leakage of cold air or hot gases 
through the walls, or to errors in the value of the heat-transfer 
coefficients. A relatively large error will make little difference in 
the total heat balance, if the percentage of heat lost in thismanner 
is small. In problems of design, radiation loss may be more 
readily calculated from the conduction loss through the walls, 
but in furnace testing combined heat flow from the walls by both 
radiation and convection usually is sufficiently accurate and is 
much simpler to determine. This is especially true in large and 
complicated apparatus, such as coke ovens or blast furnaces. 
For this purpose the furnace may be divided into areas of approxi- 
mately equal temperature, the average temperature of these 
areas measured, and the radiation losses from these areas calcu- 
lated and added together to give the total loss. 

Other Known Losses.—The major losses occurring in most 
furnaces are those outlined above. In some cases other minor, 
but important, losses may also be determined. For example, in 
blast-furnace stoves the loss of heat in cooling water may be as 
high as 5 per cent of the total heat, and may be determined from 
the quantity and rise in temperature of the water. Leakage of 
gas out of the furnace, passage of soot from the stack, and loss of 
product are examples of other sources of heat losses which are 
usually of minor importance, but in special circumstances may 
warrant investigation. 

Unaccounted-for Losses.—Almost all heat balances on com- 
mercial furnaces show a deficiency of heat in the measured heat 
output. In some cases errors are possible, but even in the most 
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accurate work some heat is not accounted for. Low stack tem- 
perature, due to the fact that pyrometers usually read lower than 
true gas temperature, is one of the most frequent troubles. Loss 
of heat, due to small amounts of CO, H2, CH,, or soot in the flue 
gas, is usually small but may cause a deficiency of heat in the 
output. Radiation and conduction loss may be inaccurately 
measured, or not determined in some instances. For these 
reasons an item of unaccounted-for losses is usually inserted in 
the heat balance, determined from the difference between the 
total heat input and the total known heat output and the losses, 
to include all losses not measured, and also to include errors. In 
some cases radiation and unaccounted-for losses are grouped 
together. This is logical, since the radiation loss may be small 
compared to unaccounted-for losses, or vice versa, so that in such 
cases the sum may be considered equal to either, depending on 
which is of major importance. Thus in the boiler furnace, 
radiation and unaccounted-for losses are usually in the neighbor- 
hood of 5 per cent. Calculated radiation loss would not be over 
1 per cent, so that the total may be considered as unaccounted- 
for loss. In the open-hearth furnace, radiation and unaccounted- 
for losses may be as high as 30 or 40 per cent, of which only 4 to 
6 per cent is unaccounted-for loss, while the remainder is due to 
radiation. The large errors possible in determining radiation loss 
would not permit an accuracy of over 20 per cent in this item, so 
that the assumption that the radiation plus unaccounted-for loss 
is due to radiation is, in this case, warranted. 

Interpretation of Test Results—When the data from a test 
have been obtained and the results calculated, the results must 
be rightly interpreted to be of the greatest value. A heat balance 
of itself is merely a tool to be used in raising the efficiency of the 
furnace, and unless the results are used the data are of little 
value. From a comparison of the various losses with those 
obtained with other furnaces of the same type, the place where 
improvements should be made may be found. For example, if a 
boiler is operating with a stack loss of 30 per cent and a cinder 
loss of 5 per cent, the greatest possibility for saving isin decreasing 
the stack loss to 15 per cent. On the other hand, if the boiler 
were operating with a 20 per cent stack loss and a 20 per cent 
cinder loss, the greater saving could be made in correcting the 
cinder loss, although some saving could be made by decreasing 
the stack loss. 
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Furthermore, the method of decreasing the stack loss may be 
seen from the heat balance. For example, a high percentage of 
sensible-heat loss necessitates the opposite type of regulation from 
a high percentage of potential- or undeveloped-heat loss. A high 
stack temperature may mean by-passing in the furnace baffles, 
a coating of soot or scale on the tubes, or that an economizer or 
preheater could be used profitably. A thorough study of the 
data of the heat balance will ordinarily indicate the methods to be 
employed in increasing furnace efficiency. 

For discussion of the interpretation of heat-balance data, com- 
bustion devices may be divided into two classes: (1) final furnaces, 
in which the fuel is burned to be used directly for heating purposes; 
and (2) preliminary furnaces, in which the fuel is treated for 
further use in generating heat. In the first class are boilers, 
heating and treating furnaces, open hearths, blast furnaces, and 
all types of kilns. In the second class are gas producers, water- 
gas and oil-gas sets, coke ovens, and the like. Heat efficiency 
is of paramount importance in the first class, while quality and 
quantity of the product, with its final efficiency in the furnace in 
which it is to be used, are the important factors in the second 
class. Although heat efficiency should be controlled in the latter 
type of apparatus, it is often high and little direct saving can be 
made. The opportunities for improvement may lie chiefly in 
making a product which will give a higher overall efficiency from 
raw fuel to final heated product. In other words, stress must be 
placed on the production of a secondary fuel of highest quality 
rather than on a high thermal efficiency in preparation of this fuel. 

In the following pages the heat distribution in the first type of 
apparatus is described in considerable detail, while that for the 
second class is presented in the various chapters on secondary 
fuels. For complete discussion of the factors involved in the 
operation of the second class of furnaces, reference should be 
made to Chaps. XVIII, XIX, XX, in which they are fully 
discussed. 

Hand-fired Boilers —The hand-fired boiler is the most ineffi- 
cient type of boiler unless properly controlled. With a fireman 
well versed in the principles of boiler firing, fairly good results 
can be obtained, but some control method is necessary to insure 
their maintenance (for the underlying principles see Chap. XIII). 

In testing hand-fired boilers a difficulty is encountered in the 
varying composition of the gases (see p. 377). In order to avoid 
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this a large number of stack-gas samples must be taken during 
a firing period. A composite average analysis over the period 
of several hours does not show the actual conditions, although 
it is sufficiently accurate for the heat-balance calculations. 

The chief sources of loss, with the variations and a normal 
minimum, are shown in Table CV. 


TABLE CV 


Losses IN HAND-FIRED BOILERS 


As per cent of heat in fuel 


Variations, Normal 
minimum, 
per cent 
per cent 
StackelOsse (UOueal) paeig sts cea eee ea enero 20-40 18 
Sensible heaters eee 15-35 1S 
Qa Undeveloped sie: veer tare O- 5 0.5 
SealuatenvenestiOlmels = ane ei eee eee 3-— 5 3 
@indér Loss#3 yan Ae ee ee ee es ee 3-20 5 
Radiation and unaccounted-for loss......... 3-10 5 


From the table it is evident that the greatest variations are in 
sensible heat in the stack gases and in the cinder. Undeveloped 
heat in the stack gases may increase to more than 5 per cent in 
some boilers due to poor firing, but this is not usually the case. 
Latent heat of water is entirely dependent on the type of fuel 
used and permits of no variations in the furnace. 

If a hand-fired boiler is operating at an efficiency of 50 per cent, 
with a sensible-heat loss of 30 per cent, undeveloped-heat loss 
of 1 per cent, latent-heat loss of 5 per cent, cinder loss of 8 per 
cent, and radiation and other losses of 5 per cent, the greatest 
difference from the normal minimum is in the sensible-heat loss— 
30 per cent of the heat in the coal. Although some improvement 
might be made in the cinder loss, the great opportunity is in 
decreasing the stack loss. Conversely, if the sensible-heat 
loss were 20 per cent and the cinder loss 20 per cent, the obvious 
point of attack for improvement is in the cinder loss, where a 
saving of 20 minus 5, or 15 per cent, is possible. 

Reducing Stack Loss.—Stack loss may be reduced in several 
ways, depending on the cause of the loss. High excess air, 
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poor mixing, leakage of air into the setting, by-passing of the 
gases in the boiler, poor firing methods, carrying too thick a fuel 
bed, and improper damper regulation are some of the causes of 
high stack loss.* The cause may frequently be determined by 
means of the data from a heat balance or from the analysis and 
temperature of the flue gases. When the cause has been deter- 
mined, regulation is relatively easy in almost all cases. 

A stack analysis showing only 50 per cent excess air but an 
abnormally high temperature (over 500°F.) indicates that the 
heat is not being efficiently abstracted from the gases, possibly 
due to by-passing through broken baftles, soot, scale, etc. A high 
percentage of excess air and a low stack temperature (below 
300° F.) indicate leakage of air through the walls of the setting. 
High excess air with a higher temperature (400 to 500°F.) indi- 
cates too much air in the combustion chamber. If under these 
conditions carbon monoxide is found in the gases, poor mixing is 
evident. High excess air indicates improper damper regulation- 
It is impossible to regulate the damper to provide the proper 
quantity of air at all times, but the amount of air should be such 
that the total of potential (undeveloped) and sensible heat lost 
during a firing period is a minimum. 

The following table shows a series of gas analyses and tempera- 
ture measurements with the methods which should be used to 
decrease the stack loss. 


TABLE CVI 


LossgEs IN BoILERS 


Example No. 
1 2 3 dab =| 6 
Per cent excess air...........-. 2) 3011 1509) 150°) 80) 150"! 150 
Romcentt© © mane ne yen tae eed OF La EOLO MOMS ORS OA 255 
Temperature of flue gases, degrees 
Fahrenheit...........---.--------| 400 | 500 | 300 | 400 | 500 | 400 


ao EE EE —eE—E—E———EE—E————EEEE Ee 
Probable Method of Improvement. 

1. No changes necessary. 

2. Inspect and repair baffles. Regulate damper to decrease excess alr 
to 50 per cent. 

* See Chap. XIII. 
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3. Reduce leakage through setting. Increase secondary air over fuel bed. 
Use thinner fuel bed. 

4. Increase secondary air immediately over fuel bed. 

5. Decrease secondary air over fuel bed. Use arch or baffles to promote 
mixing. Operate with thinner fuel bed. 

6. Change method of firing by firing more frequently. Too much 
distillation of coal at one time. Decrease secondary air to combustion 
space. 


The results of a series of gas analyses during a firing cycle show 
more accurately what per cent excess air should be used. If, 
with a given method of firing, the soot formation and undeveloped 
heat loss are high, the method or the rate of firing should be 
changed. 

A typical heat balance on a hand-fired boiler is shown in Table 
CVII. 


TABLE CVII 
Per CENT 
Input: 
Heatsink coail 2 thse eke pee aa ee et eee LED 
Output: 
Heat in steam (above feed-water temperature)..... . 50.0 
Stack loss: 
Le Sensible heaton. <x scrvaxcte ste ec eesie ees eerie eee 25.0 
2, Undeveloped héat.twce 4 cere ee ee eee 
3.4 Latent nea tha, Seb oe fae a. eee ee ene 5.0 
Cindenmloss Ae. ee eee ck SE en re eee TD 
Radiation and unaccounted-for losses.............. 5.0 
TE OUBLL sate tears eit ana eae hel ee ere hn eine ee UE 


The high cinder loss indicates that improvements should be 
made in the method of firing and cleaning. The high sensible- 
heat loss indicates too high excess of air or too high stack tempera- 
ture. The method of improvement depends on which is faulty. 

Stoker-fired Boilers—The efficiency of a stoker-fired boiler 
almost always is above that of a hand-fired boiler and usually 
varies from 60 to over 80 per cent. Test runs showing efficiencies 
slightly higher than this are possible, but hardly represent normal 
practice except in the large central power houses where efficiencies 
of as high as 90 per cent have been reached when air preheaters, 
economizers, water-cooled side walls, ete., were used. The size 
of the installation, the use of economizers, air preheaters, water- 
cooled walls, ete., very greatly affect the efficiency. The varia- 
tions in the chief sources of loss are shown in Table CVIII. 
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TABLE CVIII 
Losses IN STOKER-FIRED BoILEeRs 


(As per cent of heat in fuel) 
CS a i ee ee oe ee 


Variati Normal, 
arlations, stot 
minimum, 
per cent 
per cent 
Tetitiiel lol COS W Gro yes HO )Ben ae eae 5 aeneee oh een ee 15-35 15 
PEM SID LO LOR Liars segs 5,0 megs sca tere oe ue eae 10-25 i 12 
2. Umdeveloped heat. .c..2c<.<sess+3<00. 0-5 0.5 
ow Uabenteneatvrm tet obs lees eee ee 3- 5 3 
Gin ermilOss x ti taeea Ate Oeekcks eee re Lies 5-30 if 
Recisioneloss.s Pe rcrtetis rte otto asec 3-10 5 


As in hand-fired boilers, stack and cinder loss are the chief 
sources of inefficiency and permit the greatest improvement. 
The major difference is in the cinder loss, which may increase 
rapidly, due to coke being carried into the ash pit if the boiler is 
forced. The same principles govern the regulation of stack loss 
as apply for hand-fired boilers. In addition, high rates of firing 
cause blowholes through the fuel bed which show up as high excess 
air in the flue gases and cause excessive clinkering with a 
consequent high cinder loss. Preheating the air greatly lowers 
the cinder loss. 

Example of Boiler Test.—A heat balance on a stoker-fired 
boiler furnace is shown in the following table. 


TABLE CIX 
Heat BaLance ON Borer FURNACE 

Prr Cent 

Input: 
HeatniCOdl eee noe eee ts clic wmeer ee Ol. O 
reveiaterd oy Feed ntetsmn otal ameGrOlnyathiae, ia Aan Suda panda omc thdice  eepadl 
Sensible heat in air and coal..........- re 0 
100.0 

Output: 
eae Lthe Les Tilt een sates tia sue ke sous ecco e ata cits 5 3) eho lo 
Teiteexe lhojan lnk, nov cal aoe emcecetn do canseaeasean ete) 

Heat loss in stack gas 

iL, Smell, Interne tiaiteliny (Ek cn oinn an comon paced... Wekacs 
Se Povential beatuni oO 2. wi; niebierdeperieee as eo elakials DS 
Oo Tatentihentin Witter VapOleusaitea acta) nese 
Radiation and unaccounted-for losses.............. 3.9 
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The above heat balance is the result of a test on a large modern 
boiler in an industrial plant. No economizers were used, so 
that the efficiency might be increased easily to 75 per cent with 
a proper heat-recovery system. With oil firing the efficiency 
might be maintained as high as 80 per cent, while with hand 
firing of coal the efficiency might be as low as 55 per cent. The 
distribution of losses is the important factor to be considered. 
The most obvious possibility for reducing stack loss is in decreas- 
ing the loss of undeveloped heat in CO. Undoubtedly, this could 
be reduced considerably with no great increase in the loss due 
to sensible heat. An increase in efficiency could also be obtained 
by reduction in stack temperature with an economizer. Whether 
or not this is warranted depends on an economic balance of the 
factors involved. No appreciable increase in efficiency could 
be made in this case by decreasing the cinder loss, since it is 
low at present. 

Gas-fired Boilers —The efficiency of a gas-fired boiler should be 
greater than that of a coal-fired boiler, since the ash loss is elimi- 
nated. On the other hand, with coal all the air used for primary 
combustion in the fuel bed is rapidly consumed, raising the fuel 
to a high temperature and thus a large amount of heat is trans- 
mitted by radiation. With gas, however, only a relatively small 
proportion of the total heat is transmitted by radiation. Also 
the gas-fired boiler requires very complete mixing of gas and air. 
With low B.t.u. gas, such as blast-furnace and producer gas, a 
relatively large amount of excess air is required and high stack 
temperatures are the rule. 

The efficiency of a properly regulated boiler fired with a high 
B.t.u. gas may be as high as 84 per cent and is usually above 65 
per cent. When a low B.t.u. gas is used, the efficiency may vary 
from 50 to 70 per cent, depending on the quality of mixing, the 
use of checkers in the furnaces, ete. 

The latent-heat loss in a gas-fired furnace depends on the 
hydrogen content of the fuel and varies from 1.0 per cent with 
blast-furnace gas to 11.0 per cent with coke-oven or coal gas. 
This loss cannot be diminished for a given gas. The total stack 
loss may vary from 15 to 30 per cent, of which 10 to 20 per cent 
is sensible-heat loss, 0 to 1.0 per cent undeveloped-heat loss, and 
1 to 11 per cent latent-heat loss. Decrease in excess air to the 
point which gives maximum efficiency, and promotion of proper 
mixing, are factors which increase efficiency. With low B.t.u. 
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gases the introduction of brickwork to promote mixing and aid 
surface combustion may also be advantageous. 

Oul-fired Boilers—The oil-fired boiler develops the same effi- 
ciencies and the same type of losses as indicated for the high B.t.u. 
gas-fired boiler. In addition, the heat or power necessary for 
atomization of the oil must be considered as a heat loss so that 
the normal maximum efficiency is about 80 per cent. The steam 
for atomization should not be over 2 or 3 per cent, but if regulation 
is not maintained it may increase up to 5 or 7 per cent. 

Heating Furnaces.—In general, the efficiency of furnaces for 
the heating of billets and for heat-treating operations is quite 
low, and varies from 15 per cent in coal-fired, non-continuous 
furnaces to 60 per cent in gas-fired, continuous furnaces with 
recuperators. In considering the effect of various factors on 
the efficiency of a furnace of this type, the question of heat- 
transfer rate must be borne in mind, as outlined in Appendix 
III. Since radiation losses are high, a decrease in time of 
heating means a large saving in fuel used. The heat losses from 
a non-continuous furnace, and from a continuous furnace with 
a recuperator, are outlined in the following table: 


TABLE CX 


Heat Losses FROM HEATING FURNACES 


: Continuous 
Non- i 
: with recuper- 
continuous, 7 Hee 
ened ator,® per 
Penne cent 
Input: 
EIU Ae atm ee Soa Ce CeO ae 100.0 100.0 
Output: 
Heatminnsice lems eit ite as tute c sia 2 Psy (0) D2 
Stack losses: 
(Syovatsill SOW IVeET Es b ke croune coed Cle niet cae aime 40.0 29.3 
IPotemtial: meats ecese ceeie ts ee os co lnte 0.0 0.0 
Radiation and other losses........-... 35.0 18.2 


Scan EEE 


The major differences between these types of furnace is in 
the stack loss and in the radiation losses. In the non-continuous 
furnace much more heat is lost up the stack than in the continu- 
ous furnace. These two tests represent nearly the maximum 
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variation in heating furnaces. A slightly higher efficiency is 
possible in the continuous furnace with better recuperation. 

Certain operations, where the material must be heated slowly, 
where the supply of material is not continuous, and the furnace 
is used only occasionally, necessitate the use of a non-continuous 
furnace, The heat loss due to keeping a continuous furnace at 
high temperature might, in such cases, be so great as to make 
the increase in efficiency during operation of no advantage. 

Excess air in most heating furnaces is kept at a very low figure. 
In fact, operators of heating furnaces usually keep a somewhat 
reducing atmosphere in order to prevent excessive oxidation and 
scaling of the stack in the furnace. A very luminous flame, 
produced in this manner, greatly increases the rate of heating 
in the furnace, but too large a deficiency of air, with lower flame 
temperature, will cause excessive stack loss as undeveloped heat 
and as sensible heat. It is essential for maximum economy that 
the amount of air used be very close to that theoretically required, 
with a very slight deficiency and not over 1 per cent CO at the 
point where the gases leave the furnace. When recuperators 
or regenerators are used, the unburned CO combines with the 
oxygen from the leakage around the end of the furnaces and in 
the heat-recovery system, so that determination of the stack 
loss beyond the end of the furnace will show no undeveloped heat 
loss. On the other hand, the heat thus generated could be 
utilized much more efficiently by combustion within the furnace 
itself. For a study of actual combustion conditions aside from 
the heat-balance determination, analyses of the gases leaving 
the furnace are necessary, and the CO or excess air at this point 
should be kept at a minimum. This is shown by the data given 
in Table CXI. 

TABLE CXI 


Data FROM REHEATING FURNACE 


End of furnace, After recuperators, 
test No. test No. 


Benmcent © Osment mens 9.2 9.5 ni 4.8 4.8 
Porkcent*Onts.e. el Ors 0.6 2.5 Vey i by A Miles, 
Perseents GO erie | eae 0. 1.6 0.0 a2 1 0.0 
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Although the Co content of the gases in the furnace varies 
from 0.0 to 4.0 per cent, the analysis of the gases leaving the 
recuperators shows practically no CO in each case. Improving 
conditions on the basis of the stack-gas analysis alone in this 
case would be impossible. Conditions in the furnace must be 
determined from the analysis of gases in the furnace. The 
efficiency in the furnace as operated to give the above results 
was approximately 20 per cent, while with better control of the 
air and gas it was later increased to over 30 per cent. 

The major reason for the high stack loss encountered in heating 
furnaces is the high operating temperature employed. Even 
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Fia. 207.—Effect of capacity on gas consumption in a Morgan reheating furnace. 


under the best conditions it is seldom possible to have the gases 
leave the furnace below 1000°F. For this reason, heating fur- 
naces offer an ideal location for heat-recovery systems. Recuper- 
ators or regenerators should be used with all continuous or non- 
continuous retorts. Calorized iron recuperators give excellent 
results under these conditions and are frequently used. 

Although great effort should be made to maintain the stack 
and radiation losses at a minimum value, even greater efforts 
should be made to reduce the time of heating by increasing the 
rate of heat transfer. Increasing the flame temperature by 
regulation of air supply, by better distribution of the hot gases, 
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and by preheating the air is the most satisfactory method of 
accomplishing this. Regulation of air, use of recuperators, and 
proper insulation have twofold effects in reducing the per- 
centage of losses, and in reducing the time necessary for heating. 

Increased capacity in a heating furnace usually causes a 
reduction in fuel consumption per unit of material heated, pri- 
marily because the radiation and cooling-water losses are almost 
independent of the rate of heating and therefore their per- 
centage decreases with increased capacity. Figure 207 shows 
the effect of increased capacity on the gas consumption in a 
Morgan reheating furnace, where the gas* consumption is 
decreased from 8750 to 5500 cu. ft. per ton as the capacity 
increases from 200 to 500 Ib. of steel per min. Every furnace 
has a characteristic curve of this general type, and for efficient 
operation the capacity should be maintained at a point where 
the fuel consumption is a minimum, 7.e., the furnace should 
operate at high capacity. The economy of the furnace may be 
increased still further by lowering the characteristic curve, and 
such improvement often can be made by slight changes in fur- 
nace design or methods of control on fuel and air. 

Open-hearth Furnaces.—The distribution of heat in a producer- 
gas-fired open-hearth furnace is given‘ in Table CXII. 


TABLE CXII 


Heat BALANCE ON OPEN-HEARTH FURNACE 


PER CENT 
Input: 
Heat inume tall . Seer. rs ane trcachece weer ree ee ae 5.0 
Heatin producers passat -= 6 epee ence ete ee OF a) 
100.0 
Output: 
Heatidn steelisce. pti era: ct een Bee 21.6 
Heat in slag... weer Pe ae sell 
Heat checthed by renee? Re Me ee ee 
Heat in flue gas. . aan siguiente OLE 
Radiation and anacoot nied Rb lobsen: Poms sate Pear. eer ee 
100.0 


This heat balance may be rearranged, so that the input is 
the heat in producer gas only, as follows: 
* Coke-oven gas, 560 B.t.u. (gross) per cu. ft. 
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TABLE CXIII 


Heat BALANCE ON OPEN-HBARTH FURNACE 


Per Cent 
Input: 

Heat te protest Pane... a. ol ees se 100.0 

Output: 
Heat picked up hy steels) ii. lise ccccat.cciccenen 17.5 
RS a eee ae Seen ace «see el eee Bak 
Heat absorbed by reactions...................... —8.2 
Bias btn ine ira sea ee ee a tage sr en, sy ee ak 65.1 
Radiation end! other losses... 50: . Sos. 2-2 udoacen2 22.4 
100.0 


The heat efficiency in the example cited, which includes heat 
in steel and slag plus heat necessary for reactions, is thus 21.6 per 
cent + 3.1 per cent — 7.9 per cent = 16.8 per cent. The 
results of tests by various investigators indicate heat efficiencies 
of 17 to 24 per cent on the same basis as above. Heat losses 
in stack gases vary from 30 to 55 per cent while radiation and 
unaccounted-for losses vary from 20 to 50 per cent. An average 
open-hearth heat balance based on the producer gas used may 
be taken as: 


Per Cent 
Wpetul heat: «46,5 «ae s<.o Ag Es we RO teak I Rea ME ct 20 
UKM ORS eee a ee fone Rie Ee MSS SN aan ee, eA) 
Radia toi ard Orhernd OBBESie eta1c a he Gao At wie ence ee sarees PO 


The major loss which offers possibilities of improvement is 
the stack loss. All open-hearth furnaces operate with regenera- 
tors, but even so the stack-gas temperature is usually in the 
neighborhood of 1500°F. Most modern plants install waste- 
heat boilers for the recovery of this heat, cooling the gases to 
from 400 to 500°F. with considerable saving. The boilers must 
be properly designed and carefully controlled or a large part of 
the saving may be lost. 

Draft regulation is a very important feature of open-hearth 
operation. For best results the pressure in the furnace must be 
as near atmospheric as possible (though maintained slightly 
positive), and leakage in or out minimized. Regulation of air 
and gas to give the proper mixture under the extremely varied 
load conditions is important. This is the source of large stack 
losses in many plants. Although the gas rate may be changed, 
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the air used remains constant. For best results, both should 


be regulated together. 
Blast Furnaces.—The following table* shows the distribution 


of heat in a typical American blast furnace. 


TABLE CXIV 
Heat BALANCE ON BuAst FURNACE 
Per Cent 
Input: 
Heat an) ai ses nage tanseorane Gyle OOE oo 
Hest: in-coke® oar ack ecte coh oc ee et ee OL 
Sensiblecheatanicharge, oe ewe = eee = eee aoe nO 
100.0 
Output: 
Reactlons mm LUTNACe meets curt eine ere ree 28.4 
Heat, m-metaltanduslaggecaweerels oie es oe ae eee a ee 
Heat in gas: 
Sensible Neath ses. n teeter hoe whos ao eee gil 
Potente] Mhegt swt. he ae are eee a eee ORT 
Gooling waters iea pet i atin npc eee eee ened 220 
Radiationt(messured))ige sania eee eet ee cn eine eee eee es 
100.0 


The blast furnace under present conditions is an extremely 
efficient unit. In practically all cases the undeveloped heat in 
the gas is used to good advantage and little thermal improvement 
may be made in the other minor losses. The important con- 
sideration is development of high temperatures at the bosh to 
increase melting capacity. This is obtained by high temperature 
and low humidity of the air used for combustion. 

Cement and Lime Kilns.—Table CXV illustrates the distribu- 
tion® of heat in a rotary kiln using the dry process for sintering 
cement. 


TABLE CXV 


Heat BALANCE ON KILN For SINTHRING CEMENT 
(Powdered-coal-fired) 


Perr Cent 
Input: 
Heating coal sain. coketos ato eee ee ee OURO 
Output: 
Hesitiunclinker ite. e nantes See ee eee 14.1 
Heat inistaok  pasesnv.. erence eae eT ne 
Heat ot decomposition... o..0:s15k . aac eee oe eee 
Radiation and ‘other losses)... ses os eee ee ee Loe 


100.0 
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¢ 
The results of tests on rotary lime kilns‘ are given in Table 
CXVI. 


TABLE CXVI 


Heat BaLance on Rotary Lime KItn 


(Powdered-coal-fired) 
No. 1, N : 
Per Centr Per Cent 


Input: 
Ele@atemacn allan err oie ee int eee re ee at ee OO Oe LO0K0 

Output: 
On ppitiepUO UGH ekec aerial etiam a want Ayesha Ll Leon L238 
Stack loss. . = Reset dire estore i ON he moe Le 
Deen aeation of atone re 1404). cite tcnr me ee PRO) DAS. A! 
Radiation and convection (measured).................. 8.7 7.9 
REM AGCOUNTEC=TOIe LOSBES teers smears fete tenn Peete eet conten HAs 1082 
Elo bel eee eae ieee ete nit Se Mc a een nice cee LOOT 0) meLOO RO: 


In rotary kilns for both purposes, the major loss is in the waste 
gases, which carry away from 40 to 50 per cent of the total heat 
in the fuel leaving the kiln. Radiation and other losses are 15 to 
20 per cent and a large proportion of the unaccounted-for loss 
may be due to inaccurate measurement of the temperatures of the 
exit gases. 

Results of a test on producer-gas-fired shaft lime kilns are 
given‘ in Table CX VII. 


TABLE CXVII 


Heat BauaNcEe oN SHart Lime Kitn 


(Producer-gas-fired ) 


Per Cent 

Input: 
Hleatantcoal ae ait Pie ee ees lite alaeena jae oO OD 
Lanthin stonine eee iis cml hecca tier niosenna aes me CSL 
100.0 

Output: 
Heat in product. . Saat c nn ee oO) 
Heat of Aonomposition (CaCO,).. Se Nin aa as ar OULU 
Stack loss. . : Leta eo O 
Radiation ae Spawection fmensircd)) Tr TT eto 12.4 
WAG COUNLOCELOMLIOSSES 0) s.1.ss.e vie tell abate eens 10.0 
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The stack loss in the shaft kiln is lower than in the rotary type 
due to more efficient preheating of the entering stone. The heat 
used for decomposition of the stone is the useful heat in this 
process, and varies from 20 to 48 per cent. Heat in the product 
(10 to 15 per cent of the heat input) may be, and often is, recov- 
ered and used. 

As in furnaces where a process must be carried out at high tem- 
perature, the effect of excess air on the efficiency is very great. 
The temperature at which the decomposition of stone takes place 
is above 1400°F. for a high calcium stone. The heat available 
for the decomposition of stone is, therefore, only that in the gases 
from combustion above 1400°F. If the temperature of the gases, 
with theoretical air, is 3000°F., then about one-half the heat is 
available for decomposition, while if the temperature is lowered 
to 2100°F. by the admission of 100 per cent excess air the heat 
available for decomposition is about one-fifth of the heat in the 
fuel, and the possible efficiency is only 40 per cent of its value 
when no excess air is used. 

In order to operate at high efficiency, the available heat must 
be a maximum. The temperature of the combustion gases may 
be increased by preheating the air for combustion, making use 
of the heat in the product or the heat in the stack gases. The 
excess air, as stated above, must also be kept at a minimum. 
The kilns should be thoroughly heat insulated wherever the tem- 
peratures are above 1500° F. (for a high calcium stone). 

Fuel Consumption of Furnaces.—The following table from the 
“Calco Handbook of Recuperation’’” gives the fuel consumption 
of furnaces of various types, and serves as a basis for comparing 
the efficiencies of different furnaces making the same product. 


TABLE CXVIII 


FurL CoNsuMPTION oF TYPICAL FURNACES 


Brick kilns: B.v.v. PER 1000 Brick 
Hoffman continuous kiln....................... 3,920,000-4, 760,000 
Fueb OMe Ase cre eee Cee Cn ena 5,880 , 000-9 , 240 , 000 
srated and troughii«./s. 04. s0aseuer says ss sey ay 100, 000=G0800 H000 
Staffordshire leila. 0.5 05.6. vaca bs ote ae ean ty FOO L000—6RS002 000 


Buhrer continuous tunnel...................... 3,220,000-3, 900,000 
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ag 
TABLE CXVIII.—(Continued). 


Furi Consumption or Typical FURNACES 


Metal melting: 
Tron and steel: 
Puddling. . . 
Doc kearti-cnahial © gas. 


Basic furnaces. . 
Acid furnaces. . 


Air furnace for plicabis (eae ul «(ner Ae ese 


Copper: 


Re Ver beLa LOnyen wee ie sitim nese ots ek 


Tin: 
Smelting. . ss NEE 
Rolling-mill arte es: 
Busheling. . 
Billet eas 
Billet heating (4 by a 


Continuous furnace (eold billets) si ra tey, 
Continuous bloom furnace............. 
Reheatmorcoldsploomsy marke «eee 
Soaking pits (hot ingots)........... 

GRU MEDION Ces = cm cats Re hie CRE EON eae | 
‘Wiheelttmnanesse anac aise cet aeeie ies arses 


Sheet annealing.......... 


ol Witch a) Een re gnactl lee sree a etic katie co cme erect rn eee 


Rivet making: 


ivetaina kan phlei deed tera welei ad elecsecreta ates ay eus) oer 


Galvanizing: 


(CEUL GAMA UAT =a) OS =ty, an ae PR EB Oe Gane oma eC 


Forging: 


Drop forging or bolt heating............. 


Ingot forging. . 


Ingot forging eceene ation eieaareys Psy civeNste Veet 


Brass annealing: 


TB Warretsh fnebo(y Mba tes Ao wa pu, ees or ck> Crewe Oe Dioie teniraz he 


Heat treatment: 


Gaseihand enim gars area ee es salons ees aera as 
_ 2,000, 000-3 ,000, 000 


Quenching...... 
Remperiu gsr 


B.1.0. per Ton 


14,000,000 


Re on . 5,684,000-6 , 090, 000 
Open-hearth—producer gas.................. a 
Open-hearth—fuel oil......................-. 


,000 , 000-9, 100,000 
6,500 , 000 
10,500 ,000 
10,920,000 
8,600,000 


4,200 , 000 


19,200,000 


_. 5,600,000-7 , 000,000 
_. 2,240, 000-2, 520,000 
_ 2,800, 000-4 , 200 , 000 


1,500, 000-2 , 250,000 
1,400 , 000-2, 100,000 


_ 1,960, 000-2, 800 ,000 
- 1,400,000-1, 760, 000 


4,500,000 
8,400 ,000 
2,800,000 
2,500,000 
1,260,000 

140 ,000 


6,000 , 000-7 ,000 , 000 


 4,000,000-5 , 000,000 


3,500, 000-4 ,000 , 000 
1,500, 000-2 ,000 ,000 
4,500, 000-5 ,000 , 000 


1,500, 000-2 , 000 , 000 


The major source of heat loss in most final furnaces lies in the 
stack gases. Improper regulation of air and fuel is the frequent 
cause. Where high temperatures prevail heat-recovery systems 
should be considered, and where economic conditions warrant 
they should be used. For a complete understanding of the losses 
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involved in operation a heat balance on the furnace must be made, 
but for rapid improvement determination of stack loss often will 
suffice. This is the major loss in most cases and the method 
of reducing it may be determined readily from analysis of the 
data. Reduction of excess air to give the minimum loss and 
regulation of the air and fuel so that they give the optimum ratio 
under all conditions of operation will usually materially increase 
the efficiency of the furnace. 
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CHAPTER XVIII 
PRODUCER GAS 


Producer gas is generated by blowing a mixture of air and 
steam up through a thick, hot bed of coal or coke. Essentially, 
this process results in an oxygen-free gas containing a large pro- 


Water Seal ae =f ‘ ey is oe ater Sea 
Spas Oey 
CM]. sp Yl 
Air and Steam 


Fia. 208.—Gas producer—diagrammatic. 


portion of the original heating value of the solid fuel in the form 

of CO and Hy. The production of producer gas is shown dia- 

grammatically in Fig. 208. The coal or coke is fed into a brick- 

lined producer chamber, and the producer gas, consisting of CO 
541 
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and Hy together with the volatile matter, tar, soot, (and nitrogen 
from the entering air), passes out through a discharge main near 
the top. Producer gas is the cheapest form of industrial gas that 
can be manufactured. It possesses, in general, all the advan- 
tages of gaseous fuels (see p. 260), and, in consequence, it finds 
wide application in industrial heating. 

Historical Outline of Gas-producer Development.—The gases 
leaving the top of any deep fuel bed resemble producer gas in 
composition and thus a fuel similar to producer gas has been in 
use practically ever since coal was first burned on a grate. The 
first utilization of the true producer principle, however, 7.¢., 
having the secondary combustion of the carbon monoxide and 
hydrogen take place away from the top of the fuel bed, must be 
credited to Faur, who built a gas producer in 1832. Faur’s 
discovery did not bring about any great expansion in gas-pro- 
ducer application, however, until the Siemens brothers further 
developed producers in connection with their invention of the 
open-hearth furnace in 1861. The Siemens producer was really 
a thick fuel-bed, coal-fired furnace with the hearth or crucible 
separated from the fuel bed. That is, the grate was not in 
immediate contact with the furnace hearth, and the secondary 
air necessary for the combustion of the gases coming off from the 
top of the fuel bed was admitted at the hearth rather than 
immediately over the fuel bed. 

Field of Producer-gas Application.—Producer gas is used, 
mainly either where a gaseous fuel is the most economical source 
of heat. or where coal cannot be used and a cheap gas is necessary. 
In other words, producer gas is used either for economy or in 
order to improve the quality of product. Indirect or gaseous 
combustion may increase the economy of production: (1) when 
fuel is to be used in many scattered furnaces, (2) whén power is 
to be generated in isolated plants, and (3) when high furnace 
temperatures are required and it is advisable to recover heat by 
regeneration or recuperation. As previously pointed out in 
Chap. XI, when utilizing recuperation or regeneration the hot 
gases going out the stack give up a part of their heat to the 
incoming air, and in some cases to the producer gas, thereby 
increasing the furnace efficiency. The higher the temperature 
of the furnace (and therefore of the hot stack gases) the more 
desirable it is to use regeneration or recuperation, 
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The purposes for a OR gaseous combustion is advantageous 
as regards quality of product are: (1) when the temperature 
must be controlled closely, (2) when the atmosphere of the 
furnace must be controlled, i.e., be kept oxidizing, reducing, or 
neutral; (3) when long flame combustion is necessary, as, for 
example, in the open-hearth furnace; and (4) when the ash or 
sulfur in a solid fuel would spoil the product. 

Present Status of Producer Gas.—Although no accurate data 
on the number of producers in operation are available, it is esti- 
mated that there are about 11,000 in the United States. The 
distribution of these producers in the various industries has been 
estimated! to be as shown in Table CXIX. 


TABLE CXIX 


EstimaTep DistTrisuTION oF Gas PRODUCERS IN THE UNITED STATES 


NUMBER OF 


INDUSTRY PRODUCERS 
SCCM tue Res NS et cries bate Sale s Sint ota enn oie os 6 , 500 
Glass Ri ees a: 1,500 
Ceramics and lime burning..... 1,500 
IPO er er ONeratlOMcer once a sukent oe cstee sm cic cic sheets 1,000 
Metallurgical and other chemical fields. . 500 

DECC IE stag cote PENS PN A Sah Rae at ee ear He 11,000 


No figures are available as to the amount of coal gasified in pro- 
ducers, but it is probable that in the United States about 15,000- 
000 tons of coal are gasified each year by the steel industry alone. 

Fundamental Reactions of the Siemens or Air-blown Producer. 
Although the term ‘producer gas” generally is used in the 
United States to define a gas made by blowing a mixture of steam 
and air up through a thick fuel bed, the term has been used in 
times past (and sometimes still is so used in other countries) to 
include the gas produced when air alone is blown up through a 
thick fuel bed. Such gas is also called ‘Siemens gas” or ‘‘air- 
blown producer gas.”’ Although no producer gas is made in the 
United States without mixing steam with the air, still, for the sake 
of clarity, the chemistry of producer-gas formation will be taken 
up by first discussing the reactions for Siemens or air-blown pro- 
ducer-gas formation from carbon; the reasons for, and the effects 
of, adding steam to the air blast will be touched upon 
subsequently. 

As brought out previously (p. 336), when a blast of air is forced 
up through an incandescent fuel bed, the oxygen rapidly burns 
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the hot carbon, forming COz, which, in turn, is in part reduced to 
CO. The reactions are as follows: 
C+ O. + 3.76N2 = CO. + 3.76Nz2 + 174,600 B.t.u. (1) 
C + CO, + 3.76N2 = 2CO + 3.76N2 — 70,200 B.t.u. (2) 
The thicker the fuel bed the greater is the extent to which reaction 
(2) proceeds, the resulting gas tending to approach* the composi- 
tion indicated by the following reaction: ; 
2C + O2 + 3.76N2 = 2CO + 3.76N2 + 104,400 B.t.u. (3) 


fuel + air = Siemens gas + sensible heat 


which, however, does not represent what actually takes place, but 
merely expresses the overall effect. When this gas is fired in the 
furnace, additional (secondary) air is added, the combustion 
taking place and developing additional heat in accordance with 
the reaction 


(2CO + 3.76N2) + (O2 + 8.76N2) = (2CO2 + 7.52N2) + 244,800 B.t.u. (4) 


Siemens gas + secondary air = stack gas + heat 


The nitrogen of the air has been included in these equations to 
show its diluent effect in producer gas, and to illustrate why the 
French designate producer gas as ‘‘pauvre gas.’ The composi- 
tion of the best possible or ideal Siemens gas (using coke as fuel) 
is shown in Table CXX. 

TABLE CXX 


IpEaL ComposITION or AIR-BLOWN PRopuUCER GAS 


Constituent Per cent by | B.t.u. per cu. ft. of producer 
volume gas 
Carbon monoxide........... 34.7 110 (317 X 0.347) 
INIGYO PEM: Bp motes ac ate, Oe 65.3 0 
MCOtEL wee een erate 100.0 110 (60°F ., sat. with H.O) 


Some of the heat liberated by reaction (1) appears as sensible 
heat in the Siemens gas (2CO + 3.76N.) and the balance is lost 
by radiation from the producer, or as heat in the cinders, ete. If 
it is assumed that the temperature of the Siemens gas leaving the 


*In the discussion immediately following the complete reduction of CO, 
is assumed, 
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producer is 1600°F. (871°C.), then the total sensible heat in the 
gases is found by multiplying the number of mols of each gas by 
the heat content of each mol as read from the total heat chart 
(Fig. 49, p. 210); 


Sensible Heat in Gases = (2 + 3.76) 11,400 = 65,700 B.t.u. 


The potential heat of the Siemens gas (that is, the heat that is 
available through the further combustion of the CO) is shown by 
reaction (4) to be 244,800 B.t.u. From these data it is possible 
to set up the approximate heat balance of an ideal Siemens 
producer as shown in Table CXXI. 


TABLE CXXI 


APPROXIMATE HEAT BALANCE OF AN AIR-BLOWN PRODUCER 


B.t.u. Per cent 


Heat input: 
From the complete combustion of 2 mols of carbon.| 349,200 100 
Heat output: 


Popenwal hestiunthesC O32 yates tency Peet be: 244,800 Om 
Sensible heat in the Siemens gas................. 65,700 18.8 
Radiation, loss in cinders, unaccounted-for losses, 
LORD YUCIe ren Cees Mee un ane oracs Gy cesta e+ 38 , 700 iat il 
otally eaeaay te see tee oe raat COR eee eke 349 , 200 100.0 


The efficiency of a gas producer is expressed in either of two 
ways, depending on whether the sensible heat of the gas can be 
utilized or not. If the sensible heat can be applied usefully, then 
the efficiency used is called the hot efficiency, which includes as 
useful heat both the potential and the sensible heat in the gas, 
and, as illustrated by the above heat balance, is: 

Hot Efficiency = 
(Potential Heat + Sensible Heat) (244,800 + 65,700) 


a ae oa 00 = 88.9 t. 
(Total Heat) x 100 = 349,200 x1 per cen 


In many cases, however, the sensible heat of the gas cannot be 
utilized completely or efficiently. For example, if the gas is to 
be cleaned and scrubbed for the removal of tar or soot, the sen- 
sible heat is lost in the scrubbing water; again, if gas is to be 
transmitted through long pipe lines, or if it is to be used in 
regenerative or recuperative furnaces, much of the sensible heat of 
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the producer gas must be considered as a loss. Under these 
circumstances the efficiency required is known as the cold effi- 
ciency, which includes as useful heat only the potential heat of 
the gas, and, as illustrated from the heat balance of the Siemens 
producer given in Table CX XI, is as follows: 
Potential Heat 244,800 X 100 
Total Heat 349,200 

Troubles with the Siemens or Air-blown Producer.—There 
are three main troubles with the Siemens or air-blown producer: 

1. The gas has a low heating value (110 B.t.u. per cu. ft.). 

2. The cold gas efficiency is.low (70.1 per cent is the theoretical 
maximum) and a large proportion of the heat in the coal is left 
as sensible heat in the gas. 

3. Continuous, uniform operation of the producer is impossible 
due to excessive clinker formation. Clinkering results from the 
large amount of heat generated in a very small space by the 
reaction. 


Cold Efficiency = ) > 100 = 70.1 per cent. 


The ash in the coal fuses and forms large clinkers which cause 
blowholes in the fuel bed and stoppage of the producer. 

These troubles may be largely overcome, and the cold effi- 
ciency of the process increased, by absorbing heat from the fuel 
and using this absorbed heat for converting an inert gas into a 
combustible one. Two reactions which absorb heat and which 
at the same time yield a combustible gas are available for this 
purpose: 

(a) The return of flue gases, utilizing the reaction. 

(COz + 3.76N2) + C = 2CO + 3.76N2 — 70,200 B.t.u (1) 
flue gas 


(b) By the use of steam, according to the reaction. 
C + H.0 = CO + H: — 70,900 B.t.u. (2) 


Reaction (1) is not used, because the nitrogen not only dilutes 
the producer gas, but also carries heat away from the producer 
and up the furnace stack as sensible heat. Reaction (2), how- 
ever, introduces no diluent gas and yields combustible CO and 
Hy. Furthermore, steam is cheap and usually is available in 
most industrial plants without an increase in investment. 

Steam as an Aid to Producer Efficiency.—The low B.t.u. 
content of Siemens gas is due to the fact that 3.76 nitrogen 
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molecules enter the producer with each oxygen molecule. The 
decomposition of steam, on the other hand, introduces no diluent 
gas and is the only commercially possible reaction that yields 
nothing but combustible gases. The mixture of H» and CO 
formed by this interaction of steam and hot carbon, known as 
“water gas,” has a heating value of about 300 B.t.u. per cu. ft. 
as compared with 110 B.t.u. per cu. ft. for perfect Siemens gas. 
The admixture of this 300 B.t.u. gas and the hydrocarbons from 
the volatile matter of coal, to the 110 B.t.u. Siemens gas raises 
the heating value so that a gas having 130 to 180 B.t.u. per cu. 
ft. is obtained from commercial gas producers. 

The decomposition of steam by hot carbon is endothermic 
(absorbs heat), and therefore the reaction converts some of the 
sensible heat available in the gas producer into chemical or 
potential heat, which may be utilized in the furnace. In addi- 
tion to thus raising the cold efficiency of the gas producer, the 
absorption of heat has an even more important effect on producer 
operation—namely, in preventing the formation of clinker. The 
use of steam, as will be shown later, reduces the temperature in 
both the oxidizing zone and the reducing zones of the producer 
and thereby allows the ash to pass through the fire without being 
heated much above its softening point. 

Reactions in the Fuel Bed of a Gas Producer.—From the 
preceding discussion it can be seen that the formation of pro- 
ducer gas, as the term is generally used in the United States, is 
the result of the simultaneous action of primary air on carbon 
and the interaction of steam and carbon. The chemistry of 
the reactions involved (their equilibria and velocities) has been 
discussed in Chap. VIII and the combustion of carbon by pri- 
mary air has been described in Chap XII. The reduction of COz 
and the decomposition of steam by hot carbon have been but 
briefly treated, however, and a more extended discussion of these 
reactions as affecting producer operation is necessary. 

‘Reaction CO. + C = 2CO — 70,200 B.t.u.—It was shown on 
page 154 that in equilibrium mixtures only small amounts of 
CO. can exist in contact with carbon at temperatures above 
1700°F. (927°C.). The rate at which the reduction of the 
dioxide progresses has also been shown to increase with tempera- 
ture and to be affected profoundly by the type and amount of 
carbon surface as well as the time of contact between gas and 
hot carbon. The effects of temperature and of time of contact 
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CO in Gas, per cent 


30 49 50 60: 80 30 
Time of Contact, seconds 


Fie. 209.—Effects of temperature and time of contact on the production of CO 
from coke and COs:. 
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Fie. 210.—Effect of time of contact and temperature on the production of CO 
from coke and air. 
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as determined by Clement, Adams, and Haskins? are strikingly 
illustrated* by Figs. 209 and 210. Figure 209 shows the per 
cent of CO in the resultant gas when CO, was kept in contact with 
coke for varying periods of time at temperatures ranging from 
1650 to 2370°F. (900 to 1300°C.). This plot clearly brings out 
the fact that to obtain a gas of given CO content less time of 
contact will be required at the higher temperature, or, to obtain 
the best reduction in a given time, the temperature should be 
maintained as high as possible. These points are further illus- 
trated by Fig. 210, in which are plotted the results obtained by 
the Bureau of Mines investigators by passing a gas containing 
21 per cent COz and 79 per cent N» over hot coke. The ordinates 
show the per cent of CO formed at temperatures from 1400 to 
2700°F. (760 to 1482°C.), each curve representing a definite 
time of contact between gas and coke. In most gas producers 
the time of contact is about 1 sec. 

The above results show that, in order to obtain a gas high in 
CO, the time of contact and the area of carbon surface should 
both be maintained as great as possible and the temperature of 
the producer run as high as practicable. This latter factor will 
be discussed later. 

The Reduction of Water—When steam is blown through a bed 
of incandescent carbon (as in the formation of water gas) the 
gaseous mixture obtained is considered to be formed by some 
or all of the following reactions: 


C+ H.O = CO + He — 70,900 B.t.u. (1) 
GHeH,0 =) C0; 422s ~ 71,600 B6u: (2) 
C+ CO, = 2CO — 70,200 B.t.u. (4) 


Clement and Adams? conclude that, under conditions in the 
producer, reactions (1) and (2) both take place, although (1) is 
dominant, accompanied to some extent by reaction (2), and that 
the effective direction of reactions (3) and (4) is to the right. 
The results of these investigators concerning the effect of tem- 
perature and time of contact on the decomposition of steam by 
coke are shown in Fig. 211. This figure shows that the extent 
of the reaction between steam and coke, like the reduction of 
COs, is greatly influenced by time of contact. This same figure 


* Figures plotted from the U. S. Bureau of Mines? data. 


550 FUELS AND THEIR COMBUSTION 


also shows the very great activity of charcoal as compared with 
coke. 

H. S. Taylor’ states that the steam is decomposed according 
to reaction (1), the CO» being formed by the establishment of 
the water-gas equilibrium through reaction (3). He further 
points out that reaction (3) is catalyzed by ash in the coke. 

Gwosdz‘ concluded that even at low temperature (1100°F. or 
593°C.) CO, is not formed by reaction (2), but that the COz 
comes from reaction (3) speeded up catalytically by ash in the 
carbon. He arrived at this conclusion from the fact that with 


100 Coke, 2372 °F (1300 
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Fie. 211.—Effects of time of contact and temperature on the decomposition of 

steam by coke. 


arc-lamp carbon containing 0.1 per cent ash the CO: CO, ratio is 
about 11:1, whereas with charcoal containing 1.4 per cent ash the 
CO: CO, ratio is about 1:5. 

A more recent investigation,® undertaken to determine the 
mechanism of the reactions and their relative velocities when 
they are occurring simultaneously, has brought out additional 
information. It was found under the conditions of the experi- 
ments that if the composition of the reaction products be repre- 
sented by curves such as shown® in Fig. 212, the same curves 
are obtained irrespective of the kind of carbon, the steam pres- 
sure, or the time of contact between steam and carbon. All 
these variables, including temperature, though not affecting the 
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type of curve, have, as previously shown, a decided influence on 
the extent to which the decomposition of steam progresses in a 
given time. In Fig. 212 the analyses correspond to the volumes 
of H,O, COs, CO, and Hy produced from a given unit volume of 
entering water, plotted against the fraction of undecomposed 


Series 1)& 2 (Approx, 1126mm) 
ms 1&2 ” 306 1 
4 ” 1126 " 

4 ” 


H2O Undecomposed 


Hi, Co, COz 


Fia@. 212.—Volumes of COs, CO and Hz formed per unit volume of entering 
steam. Numerals give the temperature in hundreds of °C. 


As pointed out in Chap. VIII, this investigation showed that, 
considering the rate or velocity of reaction (2) as unity, at tem- 
peratures much below 1650°F. (900°C.) reaction (1) is practically 
non-existent and the velocity constant of reaction (4) is 2.0. At 
temperatures much above 1650°F. (900°C.) the velocity constant 
of reaction (1) is unity and that of reaction (4) is 2.18. 

At temperatures above 1650°F. (900°C.) CO and CO: must 
both be initially formed products of the interaction of steam on 
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carbon, since in Fig. 212 both the CO and the CO: curves have 
finite slopes at 0 per cent water decomposed (or 100 per cent H2O 
undecomposed). 

Plotting the CO:CO, ratio for temperatures 1652°F. (900°C.), 
1832°F. (1000°C.), 2012°F. (1100°C.), and 2192°F. (1200°C.) 
against the fraction of water undecomposed (Fig. 213) it is seen® 
that the ratio is substantially constant until the undecomposed 
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Fra. 213.—Ratio of CO: COs vs. undecomposed water in decomposition of steam 
by carbon. 

water is above 60 per cent, at which point the CO:CO, ratio 
begins to rise rapidly. In other words, although temperature 
does exert a small effect, the influence of undecomposed steam is 
the controlling factor in determining the amount of CO, or the 
CO:COz, ratio. 

The Mechanism of Producer-gas Formation.—Much addi- 
tional information concerning the reactions which take place in 
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producer-gas formation has been obtained by a study of the 
composition of the gases as they travel up through the producer 
bed. If gas samples are withdrawn from closely adjacent 
sampling points in the fuel bed of a coke-fired producer and the 
analyses plotted as a function of the distance above the grate, 
curves are obtained similar to those shown‘ in Fig. 214. 

The entering air-steam mixture is unchanged in composition 
as it passes through the ashes, which merely serve to preheat the 
mixture. At the end of the ash zone (about 5 in. above the grate 
in the case shown) the mixture comes in contact with incan- 
descent fuel and combustion begins. 


Oxidation Zone Primary Secondary 
AshZone, } FeductionZone Reductior Zone 


fess pony i sh 5 fe SE We 
yg ke gremlins 


Gas Composition 1m Mols. 
Mm 
Xo 


10 


: aces 5 67 8 c) Sa en 
BlOw (See c0inees 60m oor 40) 45950 5 Depth of Bed, in. 
9 27 254 381 50.8 63.5 76.2 88.9 101.6 124.3 127.0 139.7 Depth of Bed,cn. 


Fia. 214.—Composition of gases in the fuel bed of a gas producer. Basis, 100 
mols of Nx. Fuel used, anthracite coal or coke, and therefore no distillation 
zone. 


Just as in the direct combustion of coal on the grate (see 
p. 236), the oxygen is entirely consumed as the gases traverse 
the next 3 or 4 in. and the CO: content of the gas rises with cor- 
responding rapidity. After this rapid initial increase, the COz 
is at a maximum about 3 in. above the cinders, and from this 
point to the top of the ‘fuel bed the CO, content gradually 
decreases. 

CO formation does not take place appreciably until all the 
oxygen has disappeared and the CO, content has nearly reached 
its maximum. After the oxygen has disappeared, the monoxide 
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is rapidly formed in the next 12 in. of fuel bed and from then 
on shows a gradual increase until the gases pass into the free 
space over the fuel bed. 

As shown by Fig. 214, the water is unchanged until all the 
oxygen is consumed. Water decomposition starts shortly after 
the beginning of the CO formation, and the hydrogen content of 
the gas increases rapidly at first (through a distance of about 1 ft.). 
Following this rapid initial formation,the hydrogen content of the 
gas increases relatively slowly. 

The actual combustion reactions by which the COs, CO, and 
H, are formed may be shown by the changing composition of the 
gases. On passing through the first 4 or 5 in. above the ashes 
the oxygen is all consumed and CQO, only is formed. In this 
section of the fuel bed, which may be termed the ox7dation zone, 
the only reaction is: 

C + O2 = COz + 174,600 B.t.u. 
On account of the large amount of heat liberated this is the 
hottest zone in the producer. 

As the hot gases pass out of the oxidation zone, COs is reduced 
to CO, and H;, is formed by the decomposition of steam. The 
layer of fuel above the oxidation zone, therefore, is called the 
reduction zone, and in it four reactions take place: 


C + 2H.0 = CO, + 2H: — 71,600 B.t.u. (2) 
C + CO, = 2CO — 70,200 B.t.u. (3) 
CO +. H.O = CO, a H, == 700 israel: (4) 


An inspection of these reactions shows that with reactions (1) 

and (2) there may be an increase in the per cent of steam decom- 
Hy ones ; 

posed, (H.0 + Ha)’ only by a corresponding increase in the 


: 0 
amount of carbon gasified, us se If steam is being 


reduced to hydrogen by reaction (4), there will be no increase in 
we ae Reaction (3) causes a large increase in the os. 
ratio, although the other reactions also affect this ratio to a slight 
extent. Figure 215 shows® a plot of these ratios versus dis- 
tance up through the fuel bed. 
(CO + COs) CO He 

Nam 1 COM ta Hee ere 


All three of the ratios 
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increase from the top of the oxidation zone through the next 12 


in. of fuel bed. The indications, therefore, are that reactions 
(1), (2), and (3) 


C+ H.0 = CO + H, — 70,900 B.t.u. (1) 
C + 2H.O = CO, + 2H, — 71,600 B.t.u. (2) 
C + CO, = 2CO — 70,200 B.t.u. (3) 


are all taking place in the lower part of the reduction zone. This 
portion of the reduction zone therefore may be termed the 
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Fig. 215.—Gas ratios, useful in showing the course of reactions within a producer 


fuel bed. 


primary reduction zone,* since all the reduction of steam by carbon 
and most of the reduction of CO, by carbon takes place in this 
zone, which is fairly thin. In twelve experimental runs, in which 
the rate of gasification varied from 10 to 75 lb. per sq. ft. per. hr. 
and the total depth of fuel bed from 114 to 4! ft., the primary 
reduction zone was never over 14 in. in depth. 

* The fact that this primary reduction zone is the only part of the producer 
fuel bed in which appreciable amounts of steam are decomposed by carbon 
must be borne in mind in applying the Bureau of Mines data (p. 549) to 
actual producer problems. Thus, for the data here quoted the time of 


contact between steam and carbon must be figured for 1 ft. of fuel, and 
the total depth of bed cannot be used, since the reactions take place only 


in the primary reduction zone. 
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Above the primary reduction zone, Fig. 215 shows that, while 

mC Owe GOs. ? : Ho 

the ratio SEN Sali substantially constant, the ratio Hi, + H.0 
continues to increase, showing that steam is still being decom- 
posed. This indicates that any steam that is decomposed in 


this portion of the fuel bed is being decomposed by reaction (4). 


The increase in the ratio en without a substantial increase in 


CO» 
oa as aL shows that reaction (3) also is taking place 
2 
in this zone. These facts indicate that in this portion of the 
reduction zone only the two following reactions are taking place, 
and these to a relatively slight extent only: 


C + CO, = 2CO — 70,200 B.t.u., and (3) 


the ratio 


Since the reduction of H.,O by carbon does not proceed in this 
zone and since the total reduction is small, this portion may be 
designated as the secondary reduction zone. 

The main function of the secondary reduction zone is to act as 
a heat interchanger, in which the hot gases give up some of their 
sensible heat to the incoming fuel. This heat exchange raises 
the temperature of the primary reduction zone, thus increasing 
the amount of steam decomposed and aiding producer operation. 
Increasing the depth of the secondary reduction zone may increase 
the temperature within the fuel bed® by as much as 600°F. 

Above the secondary reduction zone the coal is distilled and its 
volatile matter (hydrocarbons, tar, ete.) is added to the gas. 
This addition is extremely important in producer operation, 
since the volatile matter from the best producer coals increases 
the heating value of the gas as much as 40 per cent. In American 
practice this zone of distillation is thin (usually less than 1 ft.). 

Above the top of the fuel bed, as shown in Fig. 214, the gases 
change in composition, and their heating value decreases. In 
the free gas space above the top of the fuel bed, the gas is no 
longer in contact with hot carbon and it is possible for CO to 
revert to COs, according to the reaction: 


BCO —+ Chee (3) 


The extent to which this decomposition progresses depends on the 
speed of reaction (affected greatly by the temperature of the 
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gases as they leave the top of the producer) and on the time which 
the gases are in the gas space over the fuel bed (determined by the 
gas velocity). Furthermore, a certain amount of CO, and 
undecomposed steam always are added to the gas at the top of 
the fuel bed, due to leakage around the edge of the fuel bed, and 
through blowholes and channels. These additions alter the gas 
composition considerably. This reversion was noticed first by 
Neuman,’ who from actual gasification data found that the 
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Fig. 216.—The reaction zones in the fuel bed of a gas producer. 


loss occasioned in this way may amount to between 10 and 27 
per cent. Since this loss is increased by high gas temperatures 
(due to high velocity of the reaction 2CO = CO, + C at high 
temperatures) it may be reduced by using a deep fuel bed, there- 
fore lowering the gas temperature. 

The various zones in the fuel bed of a gas producer and their 
functions in producer operation are shown diagrammatically in 
Fig. 216 and Table CX XII. 


558 FUELS AND THEIR COMBUSTION 


TABLE CXXII 


REACTIONS WITHIN A GAS PropucER FuEL BED 


Zone Function Reactions 


A Shit er iat. eatiees Cooling of ash and preheat- 
ing of air-steam blast 


Oxidation.......] 1. Combustion of fuel C+ 0.2 = CO; 
2. Production of heat 
3. Formation of CO2 


Reduction: 
JEUNE. oo oo 1. Reduction of CO, and|C + H,0 = CO + He 
decomposition of steam by, C+ 2H.0 = CO; + 2H» 
carbon C + CO, = 2CO 


Secondary.....| 1. Some reduction of CO2 by | C + CO. = 2CO 
carbon 
2. Slight reduction of H.O| CO + H:O0 = CO» + He 
6 by CO 
3. Interchange of heat from 
gas to fuel 


Distillation...... 1. Separation of the fuel into 
coke and gaseous hydro- 
carbons 


Actual Gasification Results.—The application of the preceding 
considerations to producer practice can be illustrated by giving the 
results of a number of gasification tests made on producers in 
actual operation. Bone and Wheeler® carried out a comprehen- 
sive series of tests on a Mond producer with a 3.5 and a 7-ft. 
fuel bed, using varying proportions of steam in the air-steam 
blast. Their results with the 7-ft. fuel bed are shown graphi- 
cally in Fig. 217, in which the gas composition, heating value of 
gas, gas production, steam decomposition, and efficiency are 
plotted against the pounds of steam admitted per lb. of coal 
fired. Clement® has also carried out a series of tests with a 
5- and a 3.5-ft. fuel bed. Clement’s results, plotted on the 
same basis as those of Bone and Wheeler, are shown graphically 
in Fig. 218 and 219. It will be observed in all three figures that 
the CO content of the gases decreased and the CO, content and 
Hy, content increased with increasing proportions of steam. The 
heating value of the gas and the gas temperature (see Clement’s 
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tests) decrease with increasing amounts of steam. Although 
more pounds of steam are decomposed as the steam content of 
the blast is increased, the per cent steam decomposition (100 
minus the per cent steam undecomposed) decreases, thus giving a 
producer gas high in moisture. The efficiency of the producer 
is shown to be at a maximum at from 0.3 to 0.4 lb. of steam 


Carbon 7184 Perlent Ave Rate of Gasification 206Lb.Coal per SqFt per Hr: 
Hoe ogen 3 2 2s» Ave. Heatirg Value of Ory Coal 13340 Btu. per Lb, 
2 trogen 14 » » 
Dy Bass) Sufphur OB» » NOTE: Data for 248 Lb. Stearn per Lh Coal 
Oger 10» » obtained with 75 Foot Fuel Bed; 
Ash JE» 2/4 Lb Coal per Sg. Ft. per Hr. 


Morsture 3.00 6.0 Per Cent 
heal 
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Lb. of Water in Air Blast per Lb. of Coal Gasified 
Fie. 217.—Results of gas-producer tests using a 7-ft. fuel. 


per lb. of coal fired, but, as will be shown later, this figure 
may have to be exceeded in order to prevent trouble from clinker 
formation. 

The cold gas efficiency in the generation of producer gas usually 
ranges between 65 to 80 per cent, (see Figs. 217, 218, and 219). 
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Radiation and cinder loss is usually not over 9 per cent. Con- 
sequently, the sensible heat in the producer gas usually is from 
11 to 26 per cent of the total heat input. About 97 to 98 per 
cent of the total heat input usually comes from the fuel itself, 
the balance being the heat in the steam used in the air blast. 
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18.—Results of gas-producer tests with 5-ft. fuel bed. 


A further discussion and comparison of these results is given 
below. 

The Effect of Depth of Fuel Bed on Gas Composition and 
Amount of Water in Gas.—If the pounds of steam decomposed 
per lb. of coal fired are plotted against the pounds of steam in the 
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¢ 
air blast per lb. of coal for the three series of tests outlined above, 
the influence of depth of fuel bed on gas composition is clearly 
illustrated. Thus in Fig. 220 it will be seen that for a given 
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Fria. 219.—Results of gas-producer tests with 3.5-ft. fuel bed. 


ratio of steam to coal, increasing the depth of fuel bed results 
in markedly increasing the amount of steam decomposed. For 
example, at 0.4 lb. of HO in the air blast per Ib. of coal (1.e., 
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in the range of optimum per cent steam) the decomposition* is 
as shown in Table CX XIII. 


TABLE CXXIII 


Errect or DrerrH oF FuEL Bep oN STeAM DECOMPOSITION 


Pounps H20 Dxscom- 


ov Post Be, rose fe La 
| I AL, Se a eee ee a 0.36 
eee O22 
Cn ee ee, rd ee es ie oe err ok ek eee 0.19 


07 


Lb.of Water Decomposed per Lb. of Coal Fired 
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Fig. 220.—Effect of depth of fuel bed and moisture in air blast on the amount of 
steam decomposed. 


As previously pointed out, practically all the decomposition 
of water takes place in the primary reduction zone, which is 
about 1 ft. thick. Now for any given ratio of steam to air the 
only means by which the amount of steam decomposed can be 


* Tt should be noted that Bonn and Wure.er preheated the primary air 
blast, and consequently some of the big increase in water decomposed as the 
depth is increased from 5 to 7 ft. is due to this factor. The extent of this 
effect is unknown, 
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increased is by raising the temperature, or by increasing the 
depth of this zone. The temperature (and therefore the steam 
decomposition) is increased with thicker fuel beds, since the 
secondary reduction zone becomes thicker and the fuel coming 
into the primary reduction zone is, therefore, preheated to a 
higher temperature. 

In addition to influencing the amount of steam decomposed, 
the depth of fuel bed further affects the composition of the result- 
ant producer gas. It has been found that the constituents of 
producer gas come to an apparent equilibrium value K’ = 
ee Aepentent® on the thick f fuel bed al d 
(H,0)(Co) dePendent” on the thickness of fuel bed alone, an 
independent of gas velocity (rate of firing), ratio of pounds of 
steam to pounds of coal, or temperature of the exit gas. 

Table CX XIV gives'® the apparent equilibrium constant for 
each depth of fuel bed, the various values having an average 
deviation of between 5 and 10 per cent. 


TABLE CXXIV 


APPARENT EQuiILipriumM Constant vs. Drepru or BED 


wil; Average 
Overall Alacra tee deviation of 
Investigators depth of ee (CO,) (HL, five to seven 
fuel bed K' = (H.0)(CO) experiments, 


per cent 


Bone and Wheeler’. ..... 7 0.66 10 
Glements*i-ke eee ee es 5 0.48 6 
Hunt, Johnson, and 

VILE armen so Heo Pane aire 4.25 0.405 9 
(Glementice se tseeraseiess- a. 0,34 i 


In Fig. 221 the average value of K’ is plotted’ against the 
depth of fuel bed in feet and it is to be noted that the value 
_ (CO»)(H2) 
~ (CO)(H20) 
bears a linear relationship to the depth of fuel bed which may 


be expressed by the equation: 


/ 


7 _ (CO2)(Hs) 
K' = 0.096L = (6) (H,0) 
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depth of fuel bed in feet. 

volume of total moisture (undecom- 

posed steam plus the free and com- 

bined moisture in the coal) per 100 

volumes of dry producer gas. 

(COz), (Hz), and (CO) = the per cents of COs, H2, and CO in 
the dry gas as determined by analysis 
of the gas in an apparatus of the 
Orsat type. 

The range covered by the above investigators was as shown 
in Table CXXV. 


where L 
(HO) 


Apparent Equilibrium Constant 


fz iG 4 ‘5 
Depth of Fuel Bed, feet 


Big. 221, 


Effect of fuel bed depth on apparent equilibrium constant of pro- 
ducer gas. 


TABLE CXXV 


VARIATION IN CONDITIONS CovERED IN PrRopucER INVESTIGATIONS 


Variables Minimum Maximum 
Depth of fuel bed, in feet........... 3.5 7 
Pounds coal per sq. ft. per hour...... 8.9 29.2 
Pounds steam per lb. coal........... 0.28 1.57 
Pericent: OO s., aeeaeetc reste eecnoreeae Deo 13.25 
Rer.cent. Ole ren oat Meera Cet IZE 9 2023 
Percent 5.6. saad See ee ee 8.6 22.65 
Per cent H:O decomposed........... 40.4 87 
Volume total water per 100 of dry gas 5.6 28.1 
Exit-gas temperature............... 1095°F. (591°C.) | 1481°F. (805°C.) 


ee eae ee 
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In general, the e4uation from the above data appears to be 
accurate to within 10 per cent and affords a means of determining 
the amount of water in producer gas from the ordinary gas 
analysis to within 10 per cent by the following equation: 


(CO2) (He) 
H20 = (9.096 L)(CO.) 

The use of this equation sometimes avoids the necessity for 
the direct determination of water in producer gas, a relatively 
difficult analysis to carry out in the plant. An example is shown 
in the producer calculations on page 230. The equation, 
together with Fig. 220, is also valuable is predicting the result of 
changes in producer operation. For example, suppose it is 
planned to gasify the coal used in the producer-gas example on 
page 227 with air containing 0.5 lb. of steam per lb. of coal fired 
and with a 4-ft. fuel bed. From Fig. 220 it would be estimated 
that about 0.265 lb. of steam would be decomposed per lb. of 
coal fired. 

The coal analysis, on the dry basis, is as follows: C = 76.0, 
O; = 5.8, He = 5.4, Ne = 1.5, S = 1.5, ash = 9.8, and moisture 
= 4.0 per cent. For the purpose of these calculations, the ratio 
of the number of mols of each constituent is more useful. The 
composition of the coal, based on one mol (12 lb.) of carbon, 
may be determined as follows: 


Pounds per 100 | Mols per 100 lb. | Mols per mol 
lb. coal coal carbon 
| 
(Cee er re 76.0 6.33 1.00 
Olt. ate hae eames 5.8 0.18 0.028 
eh one see 5.4 2.69 0.425 
IMGISTUTG. oe oe 4.0 0.22 0.035 


iO 
The amount of steam used, 0.5 Ibs. per lb. of coal, is 6.33 x 


100 = 7.9 lb. per mol carbon, or 0.44 mol per mol carbon. The 


steam decomposed is sae x 0.44 = 0.233 mol per mol carbon 


and the undecomposed steam is 0.44 — 0.233 = 0.207 mol per 
mol carbon in the coal. 
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Although not absolutely accurate, the O2 may be assumed to 
be combined with the H, as water. The water formed in this 
manner is 0.056 mol, requiring 0.056 mol H. and leaving 0.425— 
0.056 = 0.369 mol Hz in the gas. In addition, the assumption 
may be made that 10 per cent of the carbon combines with H» 
to form CH,. This is approximately true for most gas-producer 
coals. 

The calculations are to be made on a basis of 1 mol (12 lb.) 
of carbon. The moisture in the gas on this basis is 


en 


| = 0.298 mol H,O 


Assuming 0.10 mol CH,, equivalent to 0.20 mol He, then the 
Hy, in the gas is 


0.369 + 0,233 


If we let x = mols CO» formed per mol carbon, then 1 — 0.1 — 
x = mol CO formed per mol carbon (0.1 = mol carbon as CH,). 
Substituting these values in the equation, 
0.096L = GOaey we have 0.096 X 4 
=e GOAN ey eerie 0.6022 
(0.9 — 2)(0.298) «0.268 = 0.298 e 


Solving, x = 0.207 mol COs, 0.9 — x = 0.693 mol CO. 
The O2 in the CO, and CO is 0.207 + 0.347 = 0.454 mol Ox. 
The O, from decomposed steam is 0.167 mol, so that 0.454 — 


0.167 = 0.387 mol O2 must have come from air, bringing in 0.387 
79 
is = 1.455 mols No. The composition of the gas as calculated 


is shown in the following table. 
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TABLE CXXVI 


CaLcuLATED Composition oF Propucrer Gas 
ea a ee a an 


Mols per mol | Per cent of dry 
carbon gas 
(OGY he Fearn ae Vee ee. 7 eee ae 0.207 2% 
(SO ry iaatt, Pees Skee ee re Se en 0.6938 24.3 
Lg eeeN RE NTO cov wat can mt. ee 0.402 14.1 
(CUBIS © ther lg saint ee, as eel a aie ae ae 0.100 3.5 
ING ORME eRe, Patent, Biccky vistae tae ee we 1.455 50.9 
TORT Re aE, nat ea ox SORA Roe ie 2.857 100.0 
Bainiepercustts (OO Bn echt cee th ka 160 
MOISUILG Gamer A tent Hi. cee Om FO! ces ee 10.4 


The Most Desirable Ratio of Steam in Air Blast to Coal as 
Fired.—Inspection of Figs. 217, 218, and 219 shows that the 
heating value of the producer gas reaches a maximum at about 0.4 
lb. H2O in the air blast per lb. of coaland then decreases. Further- 
more, with larger amounts of steam, the proportion of undecom- 
posed steam increases rapidly and acts as an inert diluent 
material in the gas. This is shown by the following table of 
results calculated from Clement’s® tests with a 3.5 fuel bed. 


TABLE CXXVII 


Tue Ditvent Errect or UNDECOMPOSED STEAM 


Mols N» per | Mols COz per| Mols HO: | Total mols 
Pounds steam 100 mols 100 mols | per 100 mols | inerts per 100 
per lb. coal combustible | combustible | combustible | mols com- 
gases gases gases bustible gases 
0.31 141.8 15.4 19.0 176.2 
0.41 141.0 18.3 24.1 183.4 
0.54 143.3 19.7 31.6 194.6 
0.72 143.6 23.6 43.8 211.0 
1.00 143.6 29.8 65.5 238 .0 


The table emphasizes the increasing amounts of inert water 
and CO, in the gas as the amount of steam is increased. When 
the producer gas is burned in a furnace these inert gases lower 
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the flame temperature and furnace efficiency by carrying heat 
out the stack. 

The tests made by all the investigators here reported (Figs. 
217, 218, and 219) show that the efficiency of the producer is 
seriously lowered with increasing ratios of steam to coal. The 
use of too large an amount of steam in the air blast has the follow- 
ing disadvantages: (1) the calorific value of the producer gas is 
lowered and the amount of inerts is increased, (2) the efficiency 
with which the gas can be used in the furnace is decreased, (3) the 
thermal efficiency of the producer is lowered. Consequently, in 
order to minimize losses from these effects, not more than 0.35 to 
0.40 lb. of steam should be used for each pound of coal gasified. 
Continuity of producer operation outweighs any question of 
efficiency and, consequently, enough steam must be used to keep 
the producers reasonably free from clinker trouble. Therefore, 
although from the standpoint of efficiency only about 0.35 Ib. 
of steam should be put into the air blast per lb. of coal, it is often 
necessary to increase the steam up to about 0.5 or even 0.6 lb. 
per lb. of coal in some cases in order to reduce clinker formation to 
such an extent that continuous operation is possible. Most 
plants, however, have a tendency to use too much steam because 
it is easier for the producer operator. 

With coals of high-fusion-point ash, less steam is required than 
with coals having ash of low fusion point. The fusion point 
and the amount of ash, therefore, greatly affect the efficiency 
of a gas producer and it is necessary to watch this point in pur- 
chasing a coal for a gas producer. 

The Effect of Fuel-bed Condition——The discussion on page 
553 outlined conditions in the fuel bed of a well-operated pro- 
ducer. In poorly poked producers, however, there is a tend- 
ency for the formation of channels and for the leakage of air 
around the edges of the producer where resistance to the flow of 
the gases is low. This is strikingly illustrated by the results of 
Terres and Schierenbeck'® who took four samples across the fuel 
bed of a 5-ft. producer from which the cinder was removed once in 
24 hr. Their results are shown in Table CX XVIII. 

The table shows clearly the wide variation in gas composition 
due to channeling and to edge leakage that may occur even on 
the same level in the producer. The admixture of “edge gas” 
lowers the heating value of the resultant producer gas, and may 
well be as harmful in this respect as the Neuman reversion 
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TABLE CXXVIII 


VARIATION IN PRopucer Gas Dur To CHANNELING 
Se ee ee a ae ce area ae 28 ee 


Gas composition 


Time after ash removal 
ee Per cent at Per cent 20 in. 
wall from wall 
CO, 9.5 3.6 
TED, AN Sea Sara i CO 19.4 29.8 
H, 1 aes 6.0 
CO, 13:8 4.3 
Pa em RET A hy aoe. old CO ee Zee 
H, 10.7 8.3 
CO, 14.4 3.9 
Ole eee een egy co 10.0 29.1 
: H, 4.8 11.0 


referred to on page 557. Moreover, where a channel forms, “hot 
spots”’ are also liable to result and clinker formation usually 
follows. ‘Troubles due to clinker and to the leakage of edge gas 
may be greatly reduced (1) by uniformly covering the bed with 
green coal, (2) by proper poking, either by hand or mechanically 
and (3) by continuous removal of the cinder. 

In poking, the bar should be shoved down along the side 
wall of the producer, and then pulled toward the center with a 
slight upward motion. Care must be taken not to insert the 
bar too deep and lift the incandescent fuel of the oxidation zone 
into the reduction zone. This causes clinkering, due to the 
introduction of the hot ash into a reducing atmosphere. It is 
best to poke reguarly at short intervals, rather than to poke 
vigorously at long intervals. 

Rate of Gasification.—The rate of gasification or the rate at 
which coal can be gasified is dependent on the size and type of 
fuel, its moisture, and the amount and fusibility of the ash. The 
amount and nature of the ash are most important, since they limit 
the temperature of the reduction zone. The usual rates of gasifi- 
cation are 8 to 30 lb. per sq. ft. per hr., the low rate of 8 
Ib. sometimes being the maximum for a hand-operated pro- 
ducer, using poor coal (7.e., a caking coal containing easily fusible 
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ash). The average rate of gasification in American producers is 
about 15 lb. per sq. ft. per hr., 25 lb., however, being possible 
with good coals. In some of the newer producers, which have 
continuous ash removal and very efficient mechanical poking, 
the combustion rate is about doubled and gasification rates of as 
high as 50 Ib. per sq. ft. per hr. have been obtained. 

Results’ on an experimental, anthracite coal gas producer, 
with fuel beds of three different depths when the steam in the air 
blast was around 0.4 Ib. per lb. of coal, show the importance of a 
high gasification rate when the fusion point of the ash is high 
enough not to cause trouble. The following table shows the 
marked increase in fuel-bed temperatures which brings about a 
high percentage of decomposed steam and a high cold gas effi- 
ciency as the rate of gasification (and also as the thickness of the 
fuel bed) increases. These figures also show the importance of 
using fuels with ash having as high a fusion point as possible, 
since this determines producer capacity. 


TABLE CXXIX 


Errect or Rate or GASIFICATION AND Dept or FuEL BED oN FUEL-BED 
TEMPERATURE, Per Cent Steam DeEcomposep, AND Coxtp Gas 


EFFICIENCY 
Rate of gas- 
ification, Depth of fuel bed 
pounds 
coal per 
sq. ft. | 1.5 ft. | 3.0 ft. | 4.5° ft. 
per hr. 

Maximum temperature in pri- | 10 Ib. 1600 1600 1800 
mary reduction zone, in de-4{ 40 |b. 1700 2200 2300 
grees Fahrenheit 70 lb. 2100 2400 2400 

10 lb. 55 67 Te 
Per cent steam decomposed... . 40 lb. 68 73 99 
70 Ib. 84 97 90(?) 

| 10 lb. 54 63 67 

Cold gas efficiency, per cent... . 4 40 lb. 64 66 74 
70 Ib. Fee 74 72(?) 


Judging the Quality of Producer Gas.—The quality of pro- 
ducer gas may be judged in two general ways: first, by the appear- 
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ance of the gas and of the producer bed, and, second, by analysis 
of the gas and calculations based on the analysis. Judging by 
appearance is quick, and, to the trained eye, is often very satis- 
factory. The best gas is a slightly smoky (sooty) yellow and the 
top of the producer fuel bed should be maintained a slight dull 
red. A dark sooty producer gas with no yellow gas from the 
distillation of the volatile products of the coal indicates that the 
top temperature of the producer is too high due to (1) blowholes 
in the producer bed, (2) too thin fuel bed, and (3) forcing the 
producer too hard for a given depth of bed. On the other hand, 
if the gas is free from all soot, the producer is usually being oper- 
ated below capacity or with a very high steam-coal ratio. 

Good indications as to the condition of the fuel bed may be 
obtained by observing not only the general color of a bed but also 
the uniformity. If blowholes exist they usually manifest them- 
selves by the appearance of bright spots due to localized high 
temperature. The thickness of the bed may be judged by push- 
ing a thick poker bar straight down through the fuel bed into the 
ash pit. After 14 to 1 min. the poker is withdrawn. The length 
of the red-hot portion of the poker corresponds to the hot zone 
of the fuel bed and the thickness of the distillation zone is usually 
evident by the tar and soot stuck to the poker. Knowing the 
distance from the top of the fuel bed to the top of the producer 
shell, the poker test also gives the depth of the ashes. Whether 
the producer is being pushed too hard usually can be determined 
by the condition of the clinkers and by a comparison of the rate 
of gasification with the normal rates. 

In judging the quality of producer gas by analysis, either the 
per cent CO» only may be considered, or else the complete analysis 
may be made. The best practice in producer operation yields 
a gas containing 2 to 5 per cent of CO». If the COs content of 
the gas is over 5 per cent, the operation usually is at fault in one 
or more of the following ways: 

1. Too much steam is being used. Therefore, the temperature 
of the reduction zone is too low and a large amount of unreduced 
CO, and undecomposed water are passing up through the fuel bed. 

2. The fuel bed is too thin. This does not allow sufficient time 
of contact for reduction of CO, and also does not permit sufficient 
preheating of the fuel in the upper zones of the fuel bed. 

3. The rate of gasification (pounds of coal gasified per sq. ft. of 
producer-grate area per hr.) is too high, and as, a result, clinkers 
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formed in the oxidation zone cause a large proportion of the gas 
to flow up through the fuel bed in channels, thus decreasing the 
contact between the gas and the fuel. 

4. Air may be leaking in at the top of the producer (if it is of 
the suction type) and a portion of the CO thus burned to COs. 

5. The bed may contain channels through which the CO: can 
travel without coming into contact With the coal. These channels 
may result from poor blast distribution, from too little poking, 
from too deep poking (which brings the red-hot ash up into the 
reduction zone, where it fuses, due to the reducing atmosphere) 
or from the clinkers formed, through high temperatures in the 
fuel bed, due to too high a rate of gasification. 

The remedy for each trouble is obvious. 

The use of the complete gas analysis as a method of judging 
the quality of the gas has been ably presented by Husson.'* He 
pointed out that the heating value of the gas (B.t.u. per cu. ft. 
of. dry gas) is not a sufficient criterion of gas quality, since this 
value does not take into account either the diluent effect of water 
vapor, or the enrichment due to tar and soot. Furthermore, the 
usual method of determining the heating value at 32°F. (0°C.) 
with the products cooled to 32°T. (0°C) is not in accordance with 
the way the gas is usually utilized, as in the open-hearth furnace, 
for example, where gas and air enter the furnace at about 1800°F. 
(1000°C.) and the products of combustion leave at about 2900°F. 
(1600°C.). 

Although heat transfer is a function of the velocity of the gas, 
there is a limiting velocity which cannot be exceeded. This 
limiting value of gas velocity is not a question of the rate of heat 
transfer, but is determined by stack draft and by the rate of 
combustion of the gas. Due to this latter consideration, the time 
that the gas must be in the combustion space or hearth is at least 
1 sec. Therefore, the important criteria of a producer gas to 
give good performance (7.e., high rate of heat transfer) are: (1) 
the flame temperature 7’, and (2) the heat available in 1 cu. ft. of 
the products of combustion in cooling from the flame temper- 
ature to the minimum temperature at which the heat can be 
utilized (2900°F., or 1600°C. for the open-hearth furnace). 

Figure 222 illustrates the result of Husson’s* calculations. 
The curve marked L represents B.t.u. per cu. ft. of gas (including 


* Husson assumes equilibrium between gas and coal, and although this 
is probably not true in most cases of producer operation, the equilibrium 
concentrations represent conditions beyond which it is not possible to go at 
any given temperature. 
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soot and tar), P is the producer efficiency in per cent, and V is 
the cu. ft. of wet gas produced per lb. of coal fired. The maxi- 
mum producer efficiency occurs when the temperature of the 
gas leaving the producer is about 1300°F. 

In Fig. 223 the B.t.u. of heat available above 2900°F.(1600°C. ) 
per cu. ft. of flue gas at the flame temperature is designated by 
N; T is the flame temperature in degree Fahrenheit, and P is the 
furnace efficiency with air and gas entering at 1800°F., and 
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Fie. 222.—Effect of producer-gas temperature on producer efficiency, heating 
value of the gas, and volume of gas produced. 


leaving at 2900°F. (1600°C.). The values of these factors are 
plotted against the temperature of the gas leaving the top of 
the producer. The furnace efficiency is at a tee when the 
producer-gas temperature is about 1300°F. oe C.), and 
the amount of heat available above 2900°F. (1600°C.), and the 
flame temperature of the gas is greatest when the gas tempera- 
ture is around 1400°F, (760°C.). From this figure the criteria 
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for the best producer gas for furnace work are that N equals 4.1 
B.t.u. per cu. ft. of gaseous products at the flame temperature, 
and that 7 (the flame temperature) equals about 4100°F. 
(2250°C.). If heat is being absorbed at high temperatures, such 
as through the melting of metals or through the endothermic 
decomposition of a product, such as the formation of lime from 
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Fia. 223.—Effect of producer-gas temperature on the amount of utilizable heat 
in producer gas above 2912°F. (1600°C.). 


limestone, the heat available above this temperature in each 
cubic foot of the products of combustion is of the greatest 
importance. 

These plots show why gas producers used in connection with 
open-hearth furnaces usually are operated at rather high gas 
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temperatures. At high gas temperatures the change in efficiency 
(of the furnace) is small, with a small change in gas temperature, 
while at low gas temperatures (below 1250°F., or 680°C.) a 
small change in gas temperature causes a large decrease in 
efficiency. 

The influence of method of operation on the characteristics 
of producer gas is shown?’ in Table CX XX. 

Fuels Suitable for Gas Producers.—Almost any fuel from 
anthracite coal to wood waste can be and has been successfully 
gasified in gas producers. By far the greater proportion of pro- 
ducer gas, however, is manufactured from bituminous coals, 
although coke is widely used in the gas industry. Pea-size 
anthracite coal finds application in small producers (equivalent 
to about 10,000 cu. ft. of city gas per hr.). 

For power purposes a clean gas is necessary and very low- 
volatile, low-sulfur fuels, such as coke, anthracite, or charcoal, 
are used. This explains the small number of producer-gas power 
plants, since the above fuels are expensive, and for economic 
reasons cheap bituminous coal must be used as the real source of 
power. 

For the production of a gas for the heating of furnaces it is 
necessary to obtain the greatest amount of heat in the form of 
gas per dollar. Therefore it is advisable to strike an economic 
balance, which includes the cost and heating value of the avail- 
able coals, together with the cost of gasification. This latter 
factor includes depreciation, labor cost, and cost of cleaning with 
the different coals. 

As regards size, run-of-mine coal, all of which will pass through 
a 4-in. ring, usually is cheapest. Dust-free coal which will all 
pass through a 2-in. ring, though not the cheapest, usually is 
best on account of the increased ease and economy of operation. 
Any run-of-mine coal can be used, but a closely sized fuel makes 
operation far easier, since the finer the coal the higher the 
air-steam pressure must be (with steam-jet blowers) to drive the 
producer at a given rate. 

The coal should be non-caking (non-coking). The caking coals 
are almost impossible to handle, because cracks in the coked 
fuels are liable to result in blowholes forming in the fuel bed. 
For this reason the ratio of hydrogen to oxygen (see p. 44) in the 
moisture- and ash-free coal usually should be less than 0.55 and 
preferably around 0.50. High-volatile coals give a rich gas, 
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practically a coke Petes gas enriched with coal gas. This fact 
is of distinct importance, since, in addition to giving a rich gas, 
coals of high-volatile matter (36 to 38 per cent) usually are non- 
caking and, therefore, well adapted for use in gas producers. 
High-oxygen coals, being non-caking, make satisfactory producer- 
gas coals. 

Ash in the best producer coals should be non-clinkering, 7.e., of 
high fusibility. Coals with ash having a fusing point* above 
2600°F, or 1427°C. (7.e., class A), give a higher B.t.u. gas, since 
the producer can be run hotter. Although coals with ash of 
lower melting point can be used, the coals with class A ash allow 
greater capacity with less operating trouble. The sulfur con- 
tent of the coal may seriously affect the ash-fusion point, and 
for best results in producers the coal should not contain much 
over 1 per cent of sulfur, though 1.5 per cent is possible and 
even as high as 4 per cent sulfur coal may be gasified. The 
actual per cent of ash is relatively unimportant if it is non- 
clinkering and low in sulfur; fuel containing as high as 50 per 
cent ash has been gasified successfully. If the producer is to be 
forced, however, low-ash fuel is safest and does not require as 
much cinder removal. Furthermore, in poorly designed or 
inefficiently operated gas producers, a high percentage of ash 
may mean a considerable loss of unburned fuel in the cinders. 
The iron content is also important as affecting the fusing point 
of the ash. 

If the fuel contains a high percentage of moisture, a consider- 
able heat loss results. This loss is due to three effects: (1) heat 
from the producer gas is utilized in evaporating the moisture in 
the fuel at the top of the producer, (2) the sensible heat in this 
water vapor is lost out the stack, and (3) water vapor, whether 
from undecomposed steam or from moisture in the fuel, brings 
about an oxidation of CO to CO, in regenerators according 
to the reaction 

CO + H.O = COz + He. 
Thus moisture in the fuel not only increases the sensible-heat 
loss out the stack, but also increases the per cent COs» in the pro- 
ducer gas. 

Classification of Producers.—Gas producers may be classified 
in a number of different ways, such as (1) direction of draft, (2) 

* The fusion point of the ash from the large number of coals from differ- 
ent parts of the United States is given in the tables on pp. 27-29. 
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pressure, (3) method of feeding and poking, (4) method of ash 
removal, and (5) cleanliness of gas. 

1. Classification According to Draft.—In the up-draft type of gas 
producer the air-steam mixture passes up through the bed of 
descending fuel and the gas is taken off at the top of the producer. 
This type is simple and is the one in most common use. It has, 
however, the disadvantage that gas made from bituminous coal 
contains tar and soot. In down-draft producers, the green coal 
and the air-steam mixture are admitted at the producer top, the 
gases pass down through the fuel bed, and are taken off at the 
producer bottom. Producers of this type give the cleanest gas, 
since the tar and volatile matter given off from the green coal 
are cracked or decomposed to fixed gases as they pass through 
the incandescent fuel bed. Thus the gas from down-draft 
producers does not contain admixed coal gas. Further, moisture 
from the fuel may react in the fuel bed, which is not the case in 
producers of the up-draft type, in which the moisture is driven 
off from the fuel and into the gas. In spite of their advantages, 
down-draft producers have not been adopted widely on account 
of the following mechanical difficulties: (1) igniting the fuel is 
difficult, (2) the location of the zones of oxidation and reduction 
is liable to vary considerably, (3) grates burn out rather fre- 
quently, and (4) it is difficult to maintain uniformity of operation 
and gas quality. 

2. Classification According to Pressure.—Gas producers may 
be run either under minus (suction) or plus (positive) pressure. 
Suction gas producers usually are provided with a grate and the 
air-steam mixture is drawn up through the fuel bed of the pro- 
ducer by means of an exhauster or a stack. In some plants, 
in which the gas is used in internal-combustion engines, the 
producers are direct connected through coolers to the suction 
side of the cylinder. In producers of the suction type, the gas 
flow is proportional to the consumption, and they are used 
mainly in power work, for heating gas retorts, or when the gas 
for long-distant transmission is to be compressed and cleaned. 
The moisture content of the entering air is satisfactorily con- 
trolled by drawing it through a humidifying tower previous to 
entering the gas producers. The saturating water in the tower 
is heated by steam, and the air passing to the producer is satur- 
ated at 110 to 130°F. (48 to 54°C.), depending on the ratio of 
water to fuel desired. 
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In pressure aioe the pressure is usually produced by 
steam injectors or by a steam-driven turbo-blower. The steam 
injector uses the steam which must be fed to the producer for 
injecting the necessary air. The injector has the lowest first cost 
and lowest upkeep charges. It is, however, impossible (by 
changing the steam pressure) to change the amount of air injected 
without changing the ratio of air to steam in the producer. This 
is, of course, undesirable, since this ratio should be kept substan- 
tially constant for a given fuel. With an injector the only method 
by which the steam-coal ratio can be kept 
approximately constant is to change the size 
of steam nozzle. The Koerting steam injec- 
tor, which is typical of modern design, is 
shown in Fig. 224. Thorough mixing of 
steam and air is secured by the admission of 
air at each of the series of nozzles shown in 
the diagram. Each design of injector has 
different pressure and volume characteris- 
tics, and the amount of air delivered with 
a given air-shutter setting and steam pres- 
sure will depend on the type of injector 
employed. 

A positive blast from a fan or turbo-blower 
may be used to overcome the disadvantages 
inherent in steam-injector operation. A 
single- or multi-stage fan may be used when 
the air pressure is under 2 to 3 lb. per sq. in. 
For higher pressures, in conjunction with 
gas-producer plants, a turbo-blower is com- ee ee 
monly used. The speed of the blower can  jector. = 
be adjusted to meet the pressure or load 
demands on the producer and the proper amount of steam 
admitted (1) by bleeding in a thermostatically controlled amount 
of exhaust steam from the blower itself and (2) by humidification 
at the proper temperature of all the entering air. Thus the air- 
steam ratio may be readily kept constant and in most cases, in 
spite of the greater first cost, a steam-driven blower will prove to 
be more economical than a steam injector, particularly if the 
load on the producer is subject to wide variations. This method 
of steam admission is coming more and more into use. 
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3. Classification According to Method of Feeding and Poking.— 
Hand-fired and hand-poked producers have the lowest first cost, 
but they result in a non-uniform gas, the operators must have 
skill and experience, and hand operation is hard work. The 
choice between hand and mechanical producers depends mainly 
on the size of the producer, hand-operated equipment being 
suitable in small plants only. 

Mechanical producers give a uniform gas, but are considerably 
more expensive than the hand-operated type. To offset this 
high first cost, however, they frequently bring about a saving 
of 20 to 25 per cent of the fuel when a poor coal is being used. 
Mechanical poking relieves the operator of considerable hard 
work and aids in the elimination of clinkers and blowholes in the 
fuel bed. On account of the installation cost, producers with 
mechanical feeding and poking are used mainly in large-capacity 
equipment where the labor and fuel saved are considerable items. 

4. Classification According to Method of Ash Removal.—Suction 
gas producers and certain types of pressure producers are 
equipped with grates, the ash being removed by movement of 
the grate bars. It is essential not to remove more ash from 
the edges than from the center of the bed. Otherwise blowholes 
and edge leakage will increase. In most pressure producers 
the ash stands in a water-sealed pan and no grates are employed. 
The ash is accessible from all points on the producer circumfer- 
ence and may be drawn out either continuously or intermittently. 

The removal of ashes by hand is cheap, but often is unsatis- 
factory, since the depth and the position of the fuel bed are 
not kept uniform and the resistance to the flow of the gas-air 
mixture is distributed unequally, thus giving a non-uniform gas. 

Automatic ash removal is of two types: (1) intermittent, 
and (2) continuous. In the intermittent type, the ash is removed 
once or twice in 24 hr. During the ash-removal period the 
fire zone is disturbed and, for half an hour or more, regular gas 
production is interrupted. This method is somewhat similar 
to ash removal in hand-operated producers and labor only is 
saved. Since ash is removed infrequently, large storage space 
for the ash must be provided at the bottom of the producer. 
This type is most common in the United States. 

Continuous ash removal permits steady production of a uni- 
form gas, since the fire zone remains in the same position; there 
is no interruption during cleaning, and there is less tendency for 
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the formation of blowholes and clinkers. Continuous ash 
removal is used more in Europe than in the United States. 

5. Classification According to Cleanliness of Gas.—Gas from an 
up-draft producer is hot (about 1300°F., or 700°C.), and if the 
coal is bituminous the gas contains considerable quantities of 
soot, dust, and tar. The carbonaceous and tarry matter is not 
detrimental (and may even be advantageous) if the gas is to 
be used in a recuperative or regenerative furnace near at hand, 
but when the gas is to be used at a distance from the gas pro- 
ducer it cools and the tar and the soot settle out of the gas, 
clogging valves and obstructing piping. 

Clean gas is necessary for the operation of internal-combus- 
tion engines or furnaces scattered at a distance from the gas pro- 
ducer, and the tar, soot, etc. are removed from the gas by 
scrubbing. The usual serubbers, such as sawdust, glass wool, 
coke-filled spray towers and the like, are used for this purpose. 
With bituminous coals this cleaning process is difficult. 

Prevalent Types of Producers.—The choice between hand and 
mechanical feeding, poking, and ash removal depends on the size 
of the installation and the difficulties in handling the fuel. With 
fuels containing a clinkering ash and having a tendency to cake, 
efficiency is almost impossible without using mechanical operation. 
Most small plants, especially if using coke or anthracite coal, 
resort to hand operation on account of the low first cost. 

For power, as previously stated, the primary requisite is for 
a clean gas, so up-draft producers of the suction type are used 
with coke or anthracite, which, on account of their low content 
of volatile matter, give a gas relatively free from tar or soot. 
For furnace heating, on the other hand, it is necessary to produce 
large quantities of cheap gas, and cleanliness is not so important. 
Therefore, pressure, up-draft producers using bituminous coal are 
generally used and no attempt is made to scrub the gas, since 
raw gas proves satisfactory and is much better in both cost and 
thermal efficiency. 

Description of Modern Producer Types.*—Modern producer 
design and the various devices used for fuel feeding, poking, 
and ash removal are illustrated by the following descriptions of 
a number of producers of both American and European 

* For more complete descriptions of the Wellman, Wood, Morgan, and 
Chapman producers the reader is referred to CHapMAN.' Rampusu'* gives 
detailed descriptions of these and numerous other producers not described 
in this chapter. 
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manufacture. Six American producers are described: (1) 
the Wellman, (2) the R. D. Wood, (3) the Morgan, (4) the 
Chapman, (5) the Smith, and (6) the U. G. I. pressure producer. 
Three producers of European design are: (1) the Mond, (2) the 
slagging-ash type, and (3) the Wollaston. 

Producer Types Used in the United States—The Wellman 
Producer.—The Wellman (earlier models known as the Hughes) 
was the first successful mechanical producer installed in America. 
The fuel bed is mechanically poked by a vertical water-cooled 


Fia, 225,—Wellman mechanical gas producer. 


finger attached to the stationary top of the producer (see Fig. 
225). The finger is made to oscillate between the center and 
the side of the fuel bed as the producer body and its contents 
revolve. The producer body and the fuel bed make one revolu- 
tion in 8 min. and thus the entire top of the bed is stirred 
frequently. Automatic ash removal is accomplished by a station- 
ary bar which sweeps the ash from the revolving grate. This 
bar is inserted into the ash pan about once in 24 hr., though in 
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the newer types of ‘Wellman producers ash removal is continu- 
ous, and in consequence the combustion rate is about doubled 
(30 Ib. per sq. ft. per hr.). An automatic double-quadrant feed 


device gives exceptionally good distribution of coal on the 
fire bed. 
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Fra. 226.—Wood gas producer. 


The R. D. Wood Producer.—In the R. D. Wood producer the 
bed is poked by the two water-cooled, J-shaped vertical stirring 
arms shown in Fig. 226. Unlike the Hughes pcking device, 
these arms do not oscillate, but revolve about their vertical 
axes and stir the bed as the producer revolves. The producer 
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makes one revolution in 30 min. A double, automatic feed 
located eccentrically distributes coal over the revolving fuel bed. 
The ash is removed by a plow attached to the lower edge of the 
producer shell. The plow will remove ash slightly more rapidly 
than it is formed, and therefore it cannot be used quite continu- 
ously. On account of the practically continuous ash removal 
and the two poking arms, this producer has a large capacity 
(about 35 lb. per sq. ft. per hr.). 


Fig. 227.—Morgan gas producer. 


The Morgan Gas Producer.—In the Morgan producer shown 
in Fig. 227 the fuel bed is not disturbed by poking, but is 
leveled by a horizontal U-shaped arm which rides on the top of 
the bed. The arm is stationary and the leveling process is 
brought about by the rotation of the producer body once in 12 
min. With caking coals this method does not give as good results 
as actual poking. 

The ash-removing device shown in the figure consists of a 
horizontal spiral arm which normally revolves with the pro- 
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ducer body. From one to three times each 24 hr. the outer 


end of this arm is held stationary and the relative motion of the 
arm and pan causes the ash to be carried to the outer edge, 
where a plow removes it. After ash removal the fuel bed is 
“broken down” by hand and drops to replace the ash which 
has been removed. These producers can gasify up to 35 lb. of 
coal per sq. ft. per hr. 

The Chapman Producer.—The body of the Chapman pro- 
ducer (Fig. 228) is stationary and the bed is poked by a revolv- 


Fig. 228.—Chapman gas producer. 


ing floating agitator. This agitator is in the form of a rake with 
water-cooled teeth. This rake makes one revolution in 7 min., 
thus stirring the fuel bed every 3!4 min. The teeth extend from 
8 to 11 in. into the bed, or about half way between the surface 
agitation of the Morgan and the deep agitation of the Wood or 
Hughes producer. The agitator is so arranged that if the resist- 
ance to its passage becomes too great (as when it is buried under 
a heavy charge of fresh coal or comes in contact with a clinker 
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fused to the wall), the driving head screws up and the agitator 
is drawn up until the resistance again becomes normal. Thus, 
the agitator continuously floats near the top of the bed. 

This producer is equipped with an automatic coal-distributing 
device and ash removal is continuous. The ash-removal device 
consists of a revolving beam with fingers which agitate the ash 
bed from beneath and thus lessen the tendency for blowholes. 
The beam speed is adjusted until the ash is forced to the outside 
of the pan as fast as it is formed. 

The Smith Producer.—The Smith gas producers are either 
poked by hand or use a mechanical poking device which gives 
a punching action similar to hand poking. 


Fra. 229.—Smith suction producer. 


In the Smith suction producer (Fig. 229) the steam is supplied 
by saturating the entering air with water at a thermostatically 
controlled temperature. These producers are designed to deliver 
clean gas, the tar removal being accomplished primarily by 
glass-wool extractors across which there is a 1 to 3 lb. per sq. in. 
pressure drop. Positive pressure blowers draw humidified air 
through the producer, cooler, and primary scrubber, compress 
the producer gas, and force it through the glass-wool tar extractor 
and through the secondary scrubber. A pressure relief valve 
connected in a by-pass around the blower and glass wool extractor 


maintains a constant pressure (2 lb. per sq. in.) on the distributing 
lines. 
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The WsiGe ds Pei Producer.—The U. G. I. rotary grate 
pressure gas producers (Fig. 230) are designed to operate with 
fuel (often coke) having a large percentage of fines without a 
material reduction in capacity or efficiency. The fuel is charged 
into the top of the producer from a hopper on a revolving water- 
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Fig. 230.—U. G. I. pressure producer. 


sealed table. The space around the upper gas outlet cell is 
always kept full of fuel. This space contains about a 2-hr. supply. 
In charging by this method the large lumps of fuel tend to segre- 
gate and flow toward the middle of the producer and the fines 
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sift down the sides. This distribution of fuel gives good operat- 
ing conditions, since channels along the walls are reduced to a 
minimum. 

A water jacket and a steam drum are provided on the lower 
part of the producer, which serves to generate sufficient steam for 
the producer blast. Primary ajr is blown under pressure (10 to 
12 in. H.O) into the producer. Where a cold, clean producer 
gas is desired, the gases passing out of the producer are led 
through a waste-heat boiler and a further supply of steam is 
obtained in this manner. 

Fuels containing up to 30 per centash are easily handled with 
this producer. With a fuel of 20 per cent ash containing a mix- 
ture of half and half breeze and small coke, the producer is 
claimed to deliver 88 per cent of the heat content of the fuel in 
the form of hot gas. The capacity of this producer is from 25 
to 40 tons of fuel per 24 hr., depending on the kind of fuel and the 
size producer. It will be noticed that the heavy steam distrib- 
utor is set eccentric to the shell and thus in rotating crushes any 
large lumps of clinker. This producer is somewhat similar in 
design to the Koppers Kerpeley. 

European Gas-producer Types.—Three gas producers of Euro- 
pean design—(1) by-product recovery producers, (2) slagging- 
ash producers, and (3) the Wollaston producer—are described 
to show some of the differences between European and American 
design although many of the European producers are similar in 
construction to those discussed above. 

By-product Recovery Producers.—In addition to supplying 
producer gas it is possible so to operate a producer that nearly 
two-thirds of the nitrogen content of the original fuel is recover- 
able as ammonium sulfate. It is also possible to obtain con- 
siderable quantities of tar and tar products. The pioneer 
successful producer designed for ammonia recovery was built by 
Mond in 1883-1885. _ Since most by-product recovery producers 
are similar to the Mond design, the discussion of the type will be 
limited to a description of the Mond system. 

In order to obtain large yields, the ammonia must be kept at 
relatively low temperatures, as otherwise the NH; is broken down 
into N. and Hy. In addition, a high Hy content of the gas also 
tends to force back the dissociation of NHs. Therefore, when 
operating to obtain the maximum ammonia recovery, a very 
large amount of steam is used with the air. Thisresults in a large 
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amount of undecomposed steam (see p. 567) in the producer gas, 
so that it is advisable to cool the gas and condense the water 
before using the gas in furnaces. The hot gas on leaving the pro- 
ducer therefore passes through a heat interchanger which pre- 
heats the entering air to about 480°F. (250°C.). 

The preheated air-steam blast passes through an annular space 
around the producer (see Fig. 231) and is further preheated 
before reaching the grate. The grate itself is in the form of an 
inverted truncated cone, with spaces for the admission of the air. 
These producers are run with very deep fuel beds and are pro- 
vided with a large bell in the upper part of the producer to aid in 
the distillation of volatile matter from the coal. 

As mentioned above, it is best to use a large amount of steam, 
the usual amount being about 2 lb. of steam to 1 lb. of coal gasi- 
fied. According to Bone,” with coal containing 1.2 to 1.6 per 
cent nitrogen it is possible to recover from | ton of coal about 80 
to 90 lb. of ammonium sulfate and to generate up to 150,000 
cu. ft. of gas of 150 B.t.u. (high) per cu. ft. 

In view of the large amount of steam used and the resultant 
low temperature of the fuel bed, the CO», content of the producer 
gas is very high, the representative analysis of Mond gas given 
by Bone being as shown in Table CX XXI. 


TABLE CXXXI 


ANALYSIS OF Monp Propucer Gas 


Per Cent 
COs... 17.0 
COs: EO 
TBR 3 2 24.0 
CH, 3.0 
No.. 45.0 

100.0 
iS rp ie OLS MAL > oa a oer uta ty 2a my que alts ia cadens aulcke 


As shown in Fig. 231 the hot gas leaving the producer (at a 
temperature of about 1000°F., or 540°C.) passes through heat 
interchangers or superheaters, where it gives up a portion of its 
sensible heat to the incoming air. The dust and a portion of the 
tar are removed by mechanical washers. The gas, which has thus 
been cooled to about 212°F. (100°C.), is then passed up a lead- 
lined tower in which the ammonia is absorbed by a mixture of 
sulfur acid and ammonium sulfate. In passing through the 
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* cooling tower shown in the diagram the gas temperature is 
lowered and the hot water obtained is used in humidifying the 
entering air. 

Producer plants of this type give a relatively low B.t.u. gas, 
occupy a large ground space, require considerable capital invest- 
ment and are subject to high labor charges. Although success- 
fully used in Europe before and during the war, the above 
disadvantages, coupled with the low market price of ammonium 
sulfate (resulting from the development of the synthetic ammo- 
nia processes), have brought about a gradual decrease in their 
use. 

Slagging-ash Producers.—Since the ash from many coals 
fuses and clinkers at relatively low temperatures, and because 
the large quantities of steam required to prevent this clinkering 
result in a gas of low calorific value, high COs, and high moisture 
content, a number of producers have been developed to fuse the 
ash, withdrawing it in molten form. In these producers, which 
are similar in construction to a blast furnace, no steam is used and 
the gas produced is air-blown producer gas (see p. 544), consisting 
mainly of CO and Ne. Since the ash is withdrawn in the molten 
state, no trouble is caused from clinkering and very high rates of 
gasification are possible. 

The 8. F. H. producer, Fichet, Heurty and Sepulchre, and the 
Wiirth producer have held first place among the grateless pro- 
ducers in which the ash is fluxed. The S. F. H. producer is 
similar to a small charcoal blast furnace with three to six water- 
cooled tuyéres and two tapping holes for removing the fluid slag. 
The producer has a double charging bell for the fuel and the air is 
introduced at high pressure without steam, The fuel is fed in 
with limestone, sand, or blast-furnace slag to flux the ash. A 
thick fuel bed is maintained in order to preheat the fuel, thereby 
increasing the temperature in the combustion zone and making 
ash fusion easier. The producer gives a gas containing essen- 
tially CO and N» and works as well with lignite or brown coal as 
with hard coal and coke briquettes. Very high combustion rates 
(up to 200 lb. per sq. ft. per hr.) have been maintained. 

The Wiirth and Georgs-Marienhuette producers are similar 
in construction and use the sensible heat in the gases to preheat 
the entering air, thereby raising the temperature of the combus- 
tion zone and increasing the thermal efficiency. The Georgs- 
Marienhuette producer (Fig. 232) also resembles a small blast 
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furnace with water-cooled tuyéres arranged axially. Blast-fur- 
nace slag is employed as the flux and since no steam is used the 
gas is essentially dry and consists chiefly of CO and N» with very 
small contents of H», CH4, and COs. The blast-furnace slag 
melts quickly and dissolves the coal ash before it becomes pasty. 
It has been found that about 18 per cent of the coke is a suitable 
weight of slag to use for certain coals and the quantity of iron 
produced as a by-product varies from 0.5 to 1.25 tons per day. 
The gas temperature leaving the producer is about 1500°F. 


Feed Hopper 


——— 


Fia. 232.—Georgs-Marienhuette slagging-ash type gas producer. 


(815°C.)—200°F., or 110°C., higher than the Wirth producer. 
Both the Wiirth and the Georgs-Marienhuette producers work 
at high rates of gasification (with consequent high air and gas 
velocity) and considerable fuel (as high as 7 to 8 per cent at the 
higher rates) may be carried out mechanically with the escaping 
gas. Producers of this type take up but little room, the greatest 
diameter of a 100 ton per day producer being but 12.5 ft. The 
lining, if well constructed, will last about one year and after this 
time the supports and the bosch must be renewed. 
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The Wollaston ead producer of recent English 
design embodying several rather novel features is shown in Fig. 
233. The coal is automatically fed into the retort B on the top 
of the producer. As the fuel falls on the top table m a curved 
plow gradually forces it to the edge, from which it is discharged to 
a cone-shaped plate n with a central discharge hole e below. The 


Fig. 233.—Wollaston gas producer. 


incoming fuel is thus coked at low temperature by hot gas rising 
from the producer proper. The gas is enriched with tar and 
ammonia from the fuel. The central shaft carrying the pushers 
makes about six revolutions per hr. The average time (coking 
period) in the upper retort is 114 hr. The heating of the coal 
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in the upper retort renders it non-caking and thus aids in 
the maintenance of a uniform producer bed with this type 
of fuel. 

The producer shell consists of an annular steam boiler, which 
is claimed to give an evaporation of 1.5 lb. of water per lb. of 
coal gasified. The cast steel core D serves to preheat the enter- 
ing air, evaporate the water admitted through the vaporizers f, 
and preheat the steam formed, thus aiding the shell boiler in main- 
taining low fuel-bed temperatures without the excessive use of 
steam. The ash is removed by rotating crusher rolls (not shown 
in Fig. 233) and falls into an ash pit, from which it may be 
removed by water circulation. This producer is claimed to be 
essentially free from clinker troubles (due to the cooling of the 
producer bed) and to be especially adapted for the recovery of 
by-products without giving a high CO, gas. The gases are said 
to leave the producer at about 500°F. (260°C.), the cold efficiency 
being about 80 per cent. 

Summary of Precautions Necessary for Efficient Producer 
Operation.—To maintain the steady production of a uniform, 
good producer gas the following precautions should be observed: 

1. Coal should be fed continuously and uniformly over the 
fire bed. 

2. Any channels that may form should be kept closed 
mechanically. 

3. When poking to close blowholes or channels care must be 
taken to prevent mixing of ash with hot coal. 

4. Ash should be removed uniformly and mechanically. 

5. The air-steam mixture should be distributed evenly over 
the bottom of the fuel bed. 

6. The amount of steam used should be under independent 
control in order to permit the maintenance of a constant Air: 
Steam ratio with varying load. 

The Use of Oxygen-enriched Air in Producer-gas Manu- 
facture.'°!7—Producer gas as at present manufactured contains 
slightly over 50 per cent of nitrogen, which acts as a diluent, 
causing a low heating value and decreasing the possible flame 
temperature. The quality of the gas can, of course, be greatly 
improved by enriching the air blast with oxygen, and with the 
cheap separation of large quantities of oxygen from the atmos- 
phere this process will undoubtedly come into use, although at 
present the question is mainly of theoretical interest. (At the 
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present time development along this line is going on in at least 
one plant in the United States.) 

A number of good gas coals have the following average proxi- 
mate analysis (dry basis) : 


Per Cent 
Pxedicarbo Naess Gees oan, 5, OO, 
OL sta Guanes theta i ater Mpa te taco uc, «+ oo 
LL OLAIFeATD One emer Gaara a. Seem Malt cou 
Eleanore alticce we a eine: sai lt 240) Brtuspenib: 


With these values as a basis and using the results of current 
gas-producer operation, Jeffries’? has calculated that it will be 
possible to manufacture a gas of the following analysis by using 
oxygen in the producer instead of air: 


TABLE CXXXII 


CoMPARISON OF PropucerR Gas Mapr sy Ustne AIR AND OXYGEN 


Pocatiuent Using air, per | Using oxygen. 
cent per cent 
(Gh) Joe ont Aton te ewtne as ae ee no) 3.0 
GIS ec Oe eet ee onic ee ee 0.8 1.4 
(GUase Bear st ets es Diath Tf oko) 
IL Lgpeeetney aback. 3 0ont orcs, oeteosicra sche can bert 120 28.0 
(HOME. een eo oii es cee Sete 29.1 58.0 
UNG ol Fe CPR ec oR aC SI fr i 51.9 2.0 
100.0 100.0 
High heating value (B.t.u. per cu. ft. at 
60°F., 30 in. Hg, and saturated with 
WAM ICTR, aoa a ty A Eten oa cM ee Oe 176 B.t.u: Boo) Bates 


The table shows the great increase in heating value of the gas 
manufactured with oxygen instead of air. With oxygen it 
becomes possible to produce a gas of high heating value and high 
CO. The producer may be operated as a slagging-ash producer, 
or, sufficient steam may be used to keep the ash from clinkering, 
thus utilizing what practically amounts to a continuous water- 
gas process (see Chap. XIX). The calculated analyses of the 
gas produced by this latter method are shown in Fig. 234 (for 
the conditions outlined on the figure), it being assumed in each 
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case that, as the per cent of oxygen in the atmosphere is increased, 
enough additional steam is admitted with the air blast to the 
temperature of the fuel bed constant. It will be seen from the 
figure that it is possible to produce a gas of exceptionally high 
heating value in this way. The extra heat generated by using. 
oxygen can be converted into potential heat as H2, and CO 
through the reduction of additional steam, thus making the 
apparatus, in effect, a continuous water gas generator. It may 
be necessary to operate such a producer as a slagging-ash type 
since all the oxygen will be consumed in the oxidation zone 
before any of the steam will be decomposed. 
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Fie. 234.—Effect of increasing oxygen in air on calculated composition and 
heating value of producer gas. 
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CHAPTER XIX 
WATER GAS AND OIL GAS 


Water gas is the mixture of permanent gases obtained by the 
action of steam on incandescent carbon. It is, therefore, a 
constituent of all ordinary producer gas, of the gas from steamed 
coal gas retorts, and of the gases obtained from several processes 
of complete gasification and low-temperature carbonization. 
But aside from these, water gas is in itself one of the most 
important industrial gases, being widely used as such and after 
being enriched by high B.t.u. oil gas produced by the cracking of 
petroleum oil. The unenriched gas is called blue water gas, from 
the blue color of its flame. When it is enriched, it is called 
carburetted water gas. This chapter describes the properties of 
these gases and the methods employed in their manufacture. A 
discussion of o7zl gas (which is made by the cracking of petroleum 
oils and is similar to coal gas in composition) also has been 
included since considerable quantities of this gas are manufac- 
tured in localities where oil is cheap. 


BLUE WATER GAS 


Applications and Uses of Blue Water Gas.—Blue water gas is 
not a gas of low calorific intensity in spite of its low heating value 
(about 310 B.t.u. per cu. ft. gross). It is slightly superior to 
coal gas and natural gas in flame temperature, and the fraction 
of its heat available at high temperatures is at least the same. 
It shares with these gases in many cases the advantage of not 
requiring regeneration or recuperation in order to attain a 
high temperature. 

The chief use of blue water gas is in the manufacture of 
carburetted water gas (see p. 618). It has, however, two* 
further important fields of use: (1) as an auxiliary to city gas 
plants making coal gas, and (2), as an industrial gas where high 
calorific intensity is essential. 

* The use of water gas as a raw material for the manufacture of wood 
alcohol, motor fuel and other commodities is just being developed and the 
future possibilities along this line are great (see p. 635). 
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1. The Use of Bhie Water Gas as an Auailiary to City Gas Plants. 
Blue water gas has three major disadvantages for use as city 
gas: (1) the distribution cost is greater than for the higher B.t.u. 
gases (though not in proportion to the reduction in B.t.u.); (2) 
the high rate of flame propagation would permit only a narrow 
range of adjustment of air shutters on domestic appliances with- 
out causing back-firing; furthermore, air shutters designed for 
present city gas would have to be readjusted and this readjust- 
ment would be troublesome; and (3) its high CO content and 
lack of odor carry an element of danger due to poisoning. 

In spite of the disadvantages, blue water gas is widely used 
in England as an auxiliary to coal gas. English plants of this 
type use coke from the coal retorts, thus tending to make the 
profits independent of the state of the coke market. At the 
same time the capital expenditure is low per million feet of gas 
made per year, and the ground area required is moderate, often 
an important consideration in making extensions. However, 
the addition of water gas results in a heavier load on the mains, 
as already remarked, so that water gas used in this way is often 
lightly carburetted. 

In this country blue water gas is being used to compensate 
for a diminishing natural-gas supply at Buffalo, N. Y., Elmira, 
N. Y., and in other cities. Just how much blue water gas is 
used as an addition to city gas throughout the world would 
be difficult to say. In England, in 1920, for example, 44,000- 
000,000 cu. ft. of water gas were produced by public gas 
companies. See p. 648 for a comparison with coal gas. 

2. The Use of Blue Water Gas as an Industrial Fuel.—Blue 
water gas is also used quite widely in cases where a manufacturing 
plant finds it advisable to produce for itself a gas of high calorific 
intensity (for welding, etc.). The plant involved is simple, is 
available in small units, and can be started and stopped easily. 
The purification offers no serious difficulty (since there is no tar), 
and the gas can be transported easily over plant distances. It 
requires, to be sure, the constant attendance of a gas maker. 
If purified from H.S it is quite odorless. Like all gases contain- 
ing large amounts of CO, water gas is poisonous. This last 
fact is one of the reasons against distributing blue gas as city 
gas, but this difficulty has been overcome by “perfuming”’ the 
gas with some distinctive odor—usually the liquids condensed 
from Pintsch or oil gas. 
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Though no accurate statistics are available, industrial water 
gas is certainly a fuel of secondary importance, the special 
conditions calling for its use being comparatively rare. 

Formation of Blue Water Gas.—The primary reactions by 
which water gas is formed are reactions (6) and (7) of Chap. 
VIII (See pp. 162, 164 and 549): 


C+ H.O = CO+ H, — 70,900 B.t.u. (6) 
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Fra. 235.—The equilibrium composition of water gas at 1 atmosphere pressure 
and at various temperatures. 


For every temperature and pressure there exists one definite 
mixture of water gas and undecomposed steam for which the 
components are in equilibrium with respect to these two reac- 
tions. The equilibrium composition at one atmosphere and 
various temperatures as given by Juptner! is shown in Fig. 235. 

At all temperatures at which coke will react with steam to 
any considerable extent (say above 1475°F. or 800°C.) the greater 
part of the steam will be decomposed if the steam, carbon, and 
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gases come to panlibriuna: In commercial practice, however, 
equilibrium is rarely approached. 

Both of the steam reactions involve the absorption of a large 
amount of heat. Unless heat is provided from some source, an 
incandescent fuel bed through which steam is being blown will 
fall in temperature until finally no reaction whatever occurs. 
Early experimenters tried to add this heat to the fuel bed from 
external sources through the surrounding walls. It is quite 
impractical, however, with the present stage of development, 
to get enough heat into any large commercial apparatus in this 
manner, the heat transfer being too poor unless the temperature 
outside the wall is higher than is commercially possible with 
present materials of construction. The actual method adopted 
in practice is to stop the production of gas when the fuel-bed 
temperature has fallen to a fixed minimum, and then blow air 
through the bed, thus highly heating the bed and storing in the 
fuel and in the walls of the generator the heat necessary for the 
subsequent decomposition of additional steam. The operation 
of a water-gas generator is, therefore, an intermittent process; 
during one part of the cycle the generator functions like the fuel 
bed of a furnace or an air-blown producer; during the other 
part steam is decomposed to form water gas, which is collected 
separately. 

The heat absorption of the steam-carbon reactions does not in 
itself represent a loss, since all this heat is recovered when the 
water gas is burned. In fact, it will be found that the heat of 
combustion of 1 mol of CO plus 1 mol of He is greater by 70,900 
cal. than the heat of combustion of one atom of carbon. This 
is just equal to the heat absorbed by the reaction 


C + H.O0 = CO + Hz. 


A similar remark applies to reaction (7). This does not mean 
that the water-gas process is exceptionally efficient, but rather 
that the losses are due to other causes. The losses in the process 
are occasioned, for the most part, by the fact that the steam 
decomposition must take place at a highly elevated temperature. 

The Composition of Blue Water Gas.—For reasons to be dis- 
cussed later, almost all water gas, blue or carburetted, has in the 
past been made from fuels containing only a little volatile matter, 
that is, from coke or anthracite coal. When made for use as an 
industrial fuel gas, the following? may be regarded as a typical 
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analysis, though the relative proportions of CO and CO: may 
vary considerably. 

TABLE CXXXIII 


ComposITIon OF BLUE WATER Gas 


Per Centr 
COs. See eer cries 4.2 
Oz BS DETER CLCOR mp) ON: Surat with 25 0 ilb 
CORF 41.4 Specific gravity (air = 1.0) = 0.55 
ieee 49.2 Gross heating value = 307 B.t.u. 
CEx, 0.8 per cu. ft. 
Nive 4.3 


The nitrogen comes from the incidental admixture of the prod- 
ucts of combustion from the air blow, or, possibly, to some 
extent, from the nitrogen inthe coke. The CHzisalways present. 
It may arise from residual volatile matter in the coke, but it is 
more likely due to the interaction of CO and He: catalyzed by the 
coke or the ash in the fuel. 

In addition to the constituents given, water gas always contains 
H.S, the amount present depending largely on the sulfur in 
the coke or coal used. It is always present in smaller amounts 
than in coal gas, 1 gr. per cu. ft., or 0.16 per cent by volume being 
a typical figure. 

Blue water gas always contains minute amounts of iron car- 
bonyl, which is objectionable when used in connection with incan- 
descent mantles, as it gradually deposits iron on the mantle. 
A more serious impurity is an exceedingly fine dust composed 
largely of silica and sulfur. The sulfur is supposed to be due 
to the interaction of H.S and SO, and the silicia to the decomposi- 
tion of gaseous organic silicon compounds formed in small amounts 
from the ash. It deposits in the pipes and meters, and is very 
difficult to eliminate. Although sometimes troublesome, these 
impurities are only present to a slight extent. 

Description of a Blue-water-gas Plant.—The plan and the 
elevation of a typical blue-water-gas set are shown in Fig. 236. 
It should be noted here that practically the entire discussion of 
blue-water-gas equipment (with the exception of changes referred 
to later) applies equally well to carburetted-water-gas sets. The 
generator is almost always a steel shell, lined with fire brick, which 
may vary from 3 to 10 ft. in internal diameter, depending on the 
capacity required. The sides are usually made plain and vertical. 
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An iron siarphie dope in the center of the top slides on a gas- 
tight ground seat, and is closed with a screw clamp. A double- 
door charging bell may be used, so that charging can be done 
without interrupting operations, but this does not give the same 
opportunity for the observation of the fuel bed, and in large 
machines it is difficult to secure proper distribution of the fuel. 
Its use is not common. 
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Fig. 236.—Blue-water-gas generator. (The Gas Machinery Company.) 


The fuel bed is usually supported on grates, which may be 
arranged to dump. In some small generators grates are omitted 
and the fuel lies on the floor, the bottom of the generator being 
wider to admit the air and steam around the lower part of the 
fuel bed. On generators of any size it is impossible to secure 
adequate distribution of steam and air in this way. 

. The cleaning doors, which usually swing on vertical axes, are 
on a level with the grate. They are made tight by asbestos 
packing and are closed with screw clamps. For small sets there 
may be only one door; on large sets there are usually four. 

The generator has, of course, an opening below the grates for 
the admission of the air blast, and also a steam nozzle in the same 
space for the admission of steam. But practically all sets are 
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arranged so that steam may be put through the fuel bed from top 
to bottom also. Hence there will be an additional steam nozzle 
in the top of the generator. Both nozzles must be provided with 
suitable quick operating valves. Two exits are provided for the 
products, one at the side of the top and one below the grate; these 
lead into a common pipe. One of these exits is always open, 
and only one, so that there is needed at the junction point the 
equivalent of a three-way valve. A great deal of ingenuity has 
been expended on the design of this valve, which is called the hot 
valve. Sometimes it is water sealed; again the one valve may be 
replaced by two valves; sometimes a single gate cuts off one or 
the other of the openings alternately. Beyond the hot valve 
there is ordinarily a dust trap for catching the breeze and cinders 
blown along with the gases. 

Beyond the dust trap the gas passage again-divides. An exit 
is provided for the blast gases to escape in the chimney, this exit 
being closed by the stack valve. The other branch leads to the 
scrubber, where the end of the pipe dips an inch or two under the 
water in the bottom of the scrubber. Hence, when the stack 
valve is open, water rises in the dip pipe, and the gases escape to 
the air; when the stack valve is closed, the water gas escapes 
under the edge of the dip pipe and enters the scrubber. 

In addition to acting as a check valve, the water in the seal 
serves to lower the temperature of the gases leaving the set. This 
lowering is caused by the evaporation of the water in the seal into 
the gas. The action is remarkably effective; with a dip pipe 30 
in. in diameter, and dipping into the water only 2 in., the gases 
leaving a (carburetted) water-gas set at 1400°F. (760°C.) may be 
cooled to 170°F. (77°C.), though more than 300 lb. of mixed steam 
and water gas may be passing per min. Comparatively little 
heat is removed from the gas in this way, since the heat is merely 
transformed into latent heat of water. This heat is later removed 
in the various scrubbers and condensers in the purifying system. 

The large increase in gas volume produced by the water evapo- 
rated from the seal has to be considered in designing the piping 
for this part of the plant, especially in the case of carburetted gas. 

The air blast may be provided by a considerable variety of | 
apparatus. Perhaps the favorite arrangement in this country 
is a centrifugal blower driven by a direct-connected steam tur- 
bine. Reciprocating engines also are used, as well as positive 

pressure blowers. Turbines have the great advantage that they 
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can be partly sie ot and started again simply by opening the 
steam valve. 

In very small generators the valves may be operated by simple 
levers, but in sets of any size it is necessary to use a hand wheel 
and rachet arrangement. Most modern plants are equipped with 
hydraulic apparatus for opening and closing the valve. This 
produces quicker and more economical operation and greatly 
lightens the work of the gas maker. In the case of hydraulic 
apparatus the valves may be mechanically linked, so that the gas 
maker cannot operate the valves in a wrong order. 

Operation of a Blue-water-gas Generator.—Consider the 
generator after the fire has been cleaned. It is first charged up 
to the proper level, the usual depth of fuel bed being 7 to 9 ft., 
though there are advocates of thinner beds. The stack valve 
is open. The gas maker opens the air valve, and air is blown 
from below through the bed. What happens has already been 
discussed in the chapter on the gas producer (Chap. XVIII). 
The air burns the coke in a narrow zone near the grates; this 
zone becomes intensely hot. Immediately above the zone of 
combustion the COs is reduced partly to CO; above this point 
chemical action nearly ceases, and we have a zone where the 
coke is being preheated by the hot gases. At first, when the bed 
is still cool, the reduction is small; as the blow proceeds, the pro- 
portion of CO rises and if there is a pilot flame at the stack the 
gases will be observed to burn. The temperature of the exit 
gases must also rise. Hence after a certain length of time the 
heat stored in the fuel bed per Ib. of coke burned falls off, and it 
becomes uneconomical to proceed with the air blast. The air 
valve is now shut, the stack closed, and steam is blown in below 
the grate. 

As the steam passes up through the grates, it encounters first 
the intensely hot coke of the oxidation zone. Here it is highly 
heated and almost instantly and completely reduced to a good 
water gas, thereby absorbing heat very rapidly from the bed. 
Above this point it is cooled, thus serving further to warm the 
coke in the upper zones of the fuel bed. 

This rapid extraction of heat from the lower layers of the bed 
causes a rapid fall of temperature at that point. The coke 
quickly becomes incapable of completely decomposing the 
steam. As has been pointed out on page 600, this inability is not 
because the equilibrium composition requires any considerable 
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residual steam, but because there is not sufficient time of contact 
between coke and steam. The lower temperature and lower 
steam decomposition mean that less heat is being removed from 
the active zone; hence, as the run progresses, the decomposition 
falls off more slowly. The type of curve observed is illustrated® 
iInwlig..237. 
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Fria. 237.—The variation in steam decomposition during the up run on a blue 
water-gas set. 

The CO, in the water gas made increases as the steam decom- 
position decreases. Thus the following was the composition of 
the gas made during successive thirds of a 6-min. run.’ 

TABLE CXXXIV 
CoMPOSITION OF GASES DURING WATER-GAS RUNS 


First 2 min.| Next 2 min.|Last 2 min. 


per cent | per cent | per cent 

COMA a be Oe oe One ee 2.95 5.30 8.55 
LO stars een Ite cate BAN re teres ng 5 OB en! 0.45 0.30 0.10 
CORR hd clerk eR Ite wh RE 45.60 39.50 34.20 
LESS 5 ORC e eR MM SrA eS cs AEE eee Sint 44.95 51.20 53.00 
(Clabes A eee ORO 0.05 0.10 
INS atcistan Ge A hv cater sete teen eee ce 5.90 3.60 4.05 
LOWE interes suc a-tie eyes deces eneren camer creas Ree te 99.95 99.95 100.00 


Heating value, B.t.u. per eu. ft.. 289.7 289.7 279.1 
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After the damon seca has declined to a certain extent, the 
losses of undecomposed steam, and the heat it carries off, become 
so large that it is uneconomical to proceed further. The steam is 
shut off, the stack valve opened, and the air valve opened. The 
position of the valves and the path of the gases are shown dia- 
grammatically in Figs. 238 and 239 for the ‘‘air blow” and for 
the conditions just described, called the “up run.” 


To Scrubber 


eee 


Fic. 238.—Path of gases and position of valves during the air flow of a water-gas 
set. (Diagrammatic.) 


Jo Scrubber 


Fig. 239.—Path of gases and position of valves during the up run of a water-gas 
set. (Diagrammatic.) 


The valves are changed on a time schedule, which is set as a 
result of experience, the main criteria of successful operation 
being good capacity and low CO, in the gas made, on the one 
hand, and low CO in the blast gases and an easily cleaned fire 
on the other. The former imply a high fuel-bed temperature, 
the latter a low temperature, so there is room for considerable 
divergence of opinion as to the best cycle. Of course, the size 
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of the turbine available and the rate of steam supply will affect 
the relative duration of air-blow and steam-decomposition run. 
The whole cycle of blow and run will, in general, be not longer than 
15 and not shorter than 4 min. 

Automatic devices are now on the market for use with hydrau- 
lically operated generators. These will open and close the 
valves according to any predetermined schedule. They reduce 
the attention required of the gas maker and enable him to take 
care of more than one machine. Being automatic, they eliminate 
the variations due to the human element. 


To Scrubber 


Fie. 240.—Path of gases and position of valves during the down run of a water- 
gas set. (Diagrammatic.) 


If the cycle of blow and run always proceeded in the way 
described, both steam and air being admitted below the grates, 
it is evident that the lower part of the active zone, where the 
ash is the highest, will be much chilled by the relatively cold 
steam, so that, unless the fuel is of exceptionally high grade, it 
will not be kindled again when the blast is readmitted. In this 
way the oxidation zone would tend to creep upward in the fuel 
bed, leaving behind an excessive amount of combustible that 
would be lost with the cinder. Besides, as one cycle followed 
another, the upper part of the fuel bed, which was cold when 
charged, would become quite hot, thereby causing a greater loss 
of energy as sensible heat and as CO in the gases leaving the 
generator. 

Consequently, during part of the run, the steam is admitted 
at the top of the fuel bed, and passes down through it, the hot 
valve being changed accordingly. This is called the ‘down 
run.” The path of the gases and the position of the valves 
during the down run are shown in Fig. 240. The down run is 
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usually not made sioeh ick after charging, since it is desirable 
to warm up the fresh coke somewhat. It is also common to 
omit it for a few runs before cleaning, in order that the bottom 
of the fuel bed may be cooled. 

The down portion of the run cannot begin immediately after 
the blow. The water gas formed would mix with the air below 
the grate, and a dangerously explosive mixture would be formed 
so that some seconds of up run must precede the introduction of 
the down steam. Similarly, every run must end as an up run. 

Another danger to be guarded against is the chance of getting 
any of the down-run water gas past the valve into the air line. 
Any failure of the air valve to seat, as by a bit of coke getting 
_ in it, may have disastrous consequences, and explosions in the 
air line are probably responsible for a good percentage of all 
gas-plant accidents. As a rule, the air line is provided with 
tees blanked off with heavy pasteboard. These serve as safety 
valves. In some cases a vent passes from behind the air valve 
to the outer air; the blower, while idling, blows sufficient air 
through this to carry off any gas that may get into the line. 
On the blow this vent is closed by a valve linked to the air valve 
(see Fig. 241). 

The relative proportions of up and down steam are deter- 
mined largely by the amount and the nature of the ash. The 
object is to keep the oxidation zone as low down as possible 
without damaging the grate, as in this way the clinker is kept in 
an accessible position. In the case of some cokes having a very 
large amount of fusible ash, too much down run produces a solid 
paste on the grates that chokes off the blast almost completely. 

Water-gas generators almost always are charged discontinu- 
ously. The period between charges varies with the rate of 
running; every 45 to 75 min. would be usual intervals. 

The cleaning of water-gas machines is one of the most impor- 
tant items in their operation, this being due to several factors. 
In the first place, the amount of cinder made is large. A gener- 
ator with a powerful blower and good steam supply may consume 
a column of coke of its own diameter and more than 35 ft. high 
every 24 hr. In the second place, during the air blow the 
temperatures attained in the oxidation zone are very high, since 
there is no steam to cool the fire at this time. In the third 
place, during the run the fire is very rapidly cooled, so that there 
is no possibility of making the action slagging (z.e., tapping out 
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liquid slag).- The result is the formation of a solid mass of 
clinker, enclosing pieces of partly burned coke, If the oxidation 
zone is not kept well down by sufficient down-run steam, the 
clinker tends to build out from the walls at a point which it is 
difficult to reach during cleaning. 

Mechanical ash removers have not been very successful in the 
water-gas industry, though several types have been tried. The 
operation of the generator exposes any such apparatus to rapid 
alternations of temperature, and to steam, air, and water gas 
successively. To this must be added the condition of the 
ash. With cokes made from western coals, the ash is pasty 
when hot and hard when cold. Hence the work of cleaning is 
done mostly by hand. With typical cokes from midwestern | 
coal, cleaning will be done by four to eight men. The procedure 
is to open the doors, drop the grates, and bar out the large pieces 
of clinker. The grates are then raised and the small material 
raked out from beneath them. Naturally, in this process some 
of the fuel above the clinker comes out with the clinker. This is 
raked up and charged back into the generator. With bad 
cokes this returned material may easily amount to 15 per cent 
of the new coke charged. As it is partly burned, and therefore 
of high ash content, it tends to aggravate the clinker difficulty. 
With such cokes the cleaning time may last an hour and a half, 
three times in 24 hr. (Both the length of cleaning time and 
the interval between cleanings vary widely under other 
circumstances. ) 

Of course, with cokes of better ash quality, conditions are 
much better (some anthracites do not form clinker at all), but 
it emphasizes the desirability of securing coke with low ash of 
high melting point, other things being equal. However, other 
things rarely are equal, and on a cost basis a poor coke may turn 
out to be the most economical. It would seem, however, that 
where a carbonization plant is run in connection with a water- 
gas plant this point is worth close consideration in buying coal. 
It should be remembered that blast-furnace and foundry men 
prefer a low melting ash, and that cokes for them are in this 
respect not well suited for water-gas plants. 

Energy Distribution in the Blue-water-gas Process.—Heat 
Balance of a Water-gas Set.—In only a few industrial processes 
is the attainment of a heat balance so difficult as in the water-gas 
generator, primarily because the process is cyclical, the length 
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of the cycle being a cantar of minutes. During the 8 or 10 min. 
of one cycle, two different products are made—blue gas and 
blast gas—and the composition of these products, as well as their 
temperature, passes through a wide range of values. The large 
quantity of fuel always in the bed adds to the uncertainty of 
the tests. Accordingly, while the preparation of a heat balance 
is a commonplace part of an ordinary boiler test, a similar test 
on a water-gas generator is an elaborate affair, and there are 
very few reliable tests reported in the literature. The nature of 
the energy distribution may be seen from the following figures 
(Table CXXXV) taken from the Fuel Research Board’ and 
from the Gas Investigation Committee of the (English) Institu- 
tion of Gas Engineers.2. To the balance are added some figures 
on temperatures which will be useful in comparing them with 
similar balances for carburetted water gas. 


TABLE CXXXV 


Heat BaLaANce OF WATER-GAS SET 


Fuel Institution 
Research of Gas 
Board, Engineers, 
per cent per cent 
Heat input: 
CVG PD. = 2a. See eI RR nine ENT tne, Pe) ~ eee Eee 92.52 93.41 
SEE STE Pes ceperapale austere otarel« iain tees :di'o iep cies pe os ele eels Bie 5 5.'¢ 7.35 6.50 
Nave d 2 ke Ve are Be aR RECEP ERETTAER 2. SDS EI ASCRAIO AND. P SARC tact ae Re 0.13 0.09 
100.00 100.00 
Heat output: 
Water-gas, heat of combustion (potential heat)............ 57.81 62:19 
Wether! PAR BENE DLE WACH ie n caus «leis pip © (lei alates ie © 9) ed ists), «v= 3.23 2.04 
Blow gas, heat of combustion (potential heat)............. 18.95 22.59 
BLO WP Ae AROTST DLE HOA te vs nie acies aieisicls oieieltiaisre eels ie + 9.33 5.30 
Clinker and unburned coke, heat of combustion (potential 
eat eee ee fa siecle ce a Raerse Shekel a air eouprmeneLe a 4.54 ( 6.94 
Dust, heat of combustion (potential heat)................ 0.33 \ 
Sensible heat of clinker, unburned coke and dust.......... 0.33 0.42 
Uncondensed steam, sensible and latent heat.............. 2.20 2.32 
Radiation and unaccounted-for losses...-......-++e-s500> 3.28 8.20 
Ao tiollo Ao ky Aapees, Cie eRe eich Meer Scie CIAO CRPREL atari aa 100.00 100.00 
Approximate average temperature of blow gas...........--- 1280°F. 625°F. 
(700°C. ) (330°C. ) 
Approximate average temperature of water gas.........+---- 935°F. 690°F. 
(508°C. ) (366°C.) 


ne 
These tests are in some respects curiously different, but they 
will serve to bring out a few well-established facts. 
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1. A blue-water-gas plant will deliver, as water gas, from 50 - 
to 60 per cent of the heat input, reckoning the heat both in coke 
and steam. 

2. The percentage of heat input as steam is considerable, 
when the thermal losses in generating this steam are considered. 

3. Compared to many combustion processes, the loss in 
unburned fuel is large. 

4, By far the most important loss of heat is in the potential 
and sensible heat in the blow gases, more than one-fourth of all 
the heat input being lost in this way. 


STACK VALVE 


Fig. 241.—Blue-water-gas apparatus with waste-heat boiler. (U. G. I. Con- 
tracting Company) 

Waste-heat Boilers.—The serious loss of heat in the blow gases 
(shown in Table CX XXYV) suggests the desirability of installing 
waste-heat boilers, and boilers suitable for this purpose are 
available. One successful type is illustrated in Fig. 241. In 
order that the CO in the blast gases may be completely burned 
before they encounter the cold tubes, it is necessary to have a 
combustion chamber ahead of the boiler. This chamber will 
have a stack valve and gas off-take for use when the boiler is not 
to be employed. In carburetted-water-gas practice the car- 
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- buretted gas is not ae through the boiler, as it would deposit 
a carbon layer that would be baked on the tubes during the blow 
and seriously diminish the capacity of the boiler. The type 
illustrated is a horizontal boiler, but vertical boilers are used also. 

According to Morris,* a waste-heat boiler on a blue-water-gas 
set used for heating coke ovens generated 55 lb. of steam at 150 
lb. pressure per 1000 cu. ft. of blue water gas made. This is 
equivalent to 12.5 per cent of the heat input to the machine. 
According to the Seventh Report, Institution of Gas Engineers,° 
a waste-heat boiler attached to a carburetted-water-gas plant 
evaporated an average of 73 lb. of water* from 70°F. (20°C.) to 
95 lb. pressure per 1000 cu. ft. of carburetted water gas made. 
This latter figure corresponds to an efficiency in the boiler of 
45 per cent; but the relatively low temperature of the entering 
gases would make an efficient boiler uneconomically large. 
Waste-heat boilers, in spite of the heat economy they make 
possible, are not widely employed in the United States, though 
they are gradually coming into more general use. Certain 
features of waste-heat boilers, which should be given considera- 
tion, are: (1) They make steam for part of the cycle only, so 
that they furnish a fluctuating supply. (2) They are larger 
and costlier than other boilers evaporating the same amount of 
water. (3) They complicate the operation of the generator, 
since the secondary air, the feed-water supply, ete. require 
attention. (4) The steam they raise usually supplants steam 
made by coal or coke breeze and not by the more costly lump . 
coke; hence, a 20 per cent heat saving by a waste-heat boiler is 
not the cost equivalent of a 20 per cent coke saving, but something 
a good deal less. 

Recuperators and Regenerators.—In principle, it would be 
better to use the heat in the blow gases to preheat the blowing 
air and superheat the steam, thereby saving coke instead of coal. 
Regenerators to accomplish this result require such bulky 
checkerwork, so many large valves subject to bad heat condi- 
tions, and such complicated operation that no such arrangement 
has been successful. The major problems in recuperator design 
for this purpose lie in selecting the proper materials of construc- 


* This figure for the amount of water evaporated in the waste-heat boiler 
is considerably higher than would be obtained in American practice. This 
is due to the fact that much more CO was allowed to escape during the 
Institution tests than is allowed in the United States. 
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tion to withstand the temperature fluctuations. It is possible 
that some of the more modern recuperators or regenerators, 
such as the rotary (see p. 421), will prove of value in water-gas 
work. A certain amount of the heat in the blow gases is 
recovered in the ‘‘back-run”’ system, to be described under 
carburetted water gas (p. 634). 

Superheated Steam.—It is common practice to superheat the 
steam going to the generator in a separate furnace, thereby replac- 
ing a certain amount of coke by coal. An early attempt to 
do this failed because the varying steam demand caused too rapid 
changes of temperature in the tubes of the superheater, but this 
difficulty has been overcome and, although the fluctuating load 
makes attention necessary, superheated steam is now widely 
employed. 

Accumulators.—So far as heat is concerned, the exhaust from 
a non-condensing engine (containing per lb. only 10 or 15 per cent 
less heat) is nearly as good as 150-lb. steam. For the genera- 
tion of power in a condensing engine, however, such steam is only 
half as valuable as 150-lb. steam. It is obviously advantageous, 
therefore, to use exhaust steam, which has already been used for 
power, in water-gas generators. In many gas plants, more- 
over, power units are not run condensing. In such cases, 
to use the exhaust steam in the generators is nearly clear gain, 
subject only to the necessity of burning a little more coke in the 
set to make up for the reduction in total heat of the steam. 

Unfortunately, the greatest single power consumer in the set is 
the blower engine, and this is producing exhaust steam just when 
it is not needed, whereas during the steam-decomposing run the 
steam supply is much reduced. Hence, exhaust steam is very 
little used, except in the larger plants where there are a number of 
machines—one being supplied with steam while another is blow- 
ing. Even here much live steam must be added at times, while 
at other times large amounts of exhaust steam are blown into the 
air. 

The use of accumulators to remedy this condition is now excit- 
ing much interest. Essentially, an accumulator is nothing but a 
large tank of hot water, attached to the exhaust steam line. 
When there is an excess of exhaust steam, the pressure rises in the 
line and the exhaust steam condenses in the water, heating it. 
When the pressure falls, the water boils, supplying the deficiency 
of steam. Accumulators have been widely adopted in a number 
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of industries and a Ralf dozen or more are already in use in gas 
plants; more are being considered. 

Principles of Blue-water-gas Operation.—Proper Depth of Fuel 
Bed.—The Dellwik-Fleischer system, devised in Germany, con- 
sists in using a generator of large grate area, a thin fuel bed (3 
to 4 ft.), a high blast velocity, and a low steam velocity. The 
effect of varying the depth of fuel bed has been studied both by 
the Fuel Research Board’ and by the Institution of Gas Engi- 
neers.? The main results of the Institution work are given in 
Table CXXXVI. 


TABLE CXXXVI 


Errect or Dreprx or Fur, Bep on WATER-GAS PRODUCTION 


(Institution of Gas Engineers) 


Fuel-bed depth 


4ft. |4.25 ft.| 5 ft. | 6 ft. | @ ft. 


Thermal efficiency, per cent.....| 50.7 .O | 53.3 56.1 52.2 
CO, in blow gas, per cent....... 13.6 16.2 11.8 12a 12.2 
CO, in water gas, per cent...... 4.7 8.2 5.5 4.5 4,2 
Gas made per day, cubic feet. . .|864,400)307 , 700|564 , 900/614 , 400/564 , 200 


The experiments of the Fuel Research Board resulted as shown 
in Table CXX XVII. 


TABLE CXXXVII 


Errect or DrprH or FuEL BED ON WATER-GAS PRODUCTION 


(Fuel Research Board) 


Fuel-bed depth 


3 ft. |3-5 ft 40 ft. | 7.0 ft. 


Thermal efficiency, per cent..........-. 54.7 57:8 59.9 bY ee) 
CO, in blow gas, per cent............-. 19.5 19.03 | 19.06 | 14.55 
@QO zim water fas, Per C6Nb. ra. «00 3. 8.30 | 5.380] 6.00 | 4.50 
Gas made per day, cubic feet......... - .|237 000/230 , 000/219 , 000/378 , 060 


nn. 


A study of these tables shows that very different results may be 
obtained with the same depth of fuel bed. The cause of these 
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differences is undoubtedly a variation in the temperature of the 
fire, which, in turn, is affected mainly by the cycle of operations 
employed. The two tests at 4 and 414 ft. by the Institution 
show how difficult it is to draw safe deductions as to the effect 
of a single factor, even from the very best available data. It 
seems, however, from these results, that just as good gas can 
be made with a thin fuel bed (as in the Dellwik-Fleischer sys- 
tem), but that the tendency is toward more CO, both in the blow 
gas and in the water gas. The capacity is certainly reduced very 
materially with a thin fuel bed, but the efficiency falls off only 
slightly, if at all, the differences being within the range of varia- 
tion in results. 

Velocity of Blow Gas.—High efficiency in a water-gas generator 
requires as high CO, as possible in the blow gas. An increase 
in air velocity, by allowing a shorter time of contact in the reduc- 
ing zone, has this effect. At the same time the heat transfer 
between the hot ascending gas and the cooler fuel in the upper 
layers of coke is nearly as good, since the increased turbulence 
almost makes up for the decreased time of contact. Hence 
efficiency is decidedly increased by a high blast velocity. At 
the same time, of course, capacity goes up. From both points of 
view, therefore, as high a rate of blowing as possible is desirable. 
On the other hand, the power required for blowing goes up 
approximately as the square of the blast rate, so that eventually 
a blast rate will be reached at which the saving in coke and 
increased capacity will be overbalanced by the loss in blower 
steam. Modern American practice, however, is toward the limit 
imposed by the tendency of the coke to be blown out of the genera- 
tor, blast pressures of 30 to 40 in. of water column being in use. 
No actual test data on the effect of varying blast rates appear to 
be available. 

Rate of Steam Supply.—Figure 242 shows the effect of halving 
the rate of steam supply during the course of an ordinary up run.® 
The steam rate was reduced 50 per cent after 1 min., restored to 
its original value after 2 min., and again reduced 50 per cent after 
3 min. It is evident that a large reduction in steam rate pro- 
duces only a small increase in decomposition, so that the net 
result is a large decrease in the rate of gas making. Strache?® 
obtained a similar result. In practice, a balance must be struck. 
If the steam rate is very high, production will be great, but the 
losses due to undecomposed steam will be high. If the steam 
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rate is very low, the production will be small and the radiation 
losses will be high. There is a great variation in practice in the 
amount of steam actually used. British practice seems to lead to 
the decomposition of about 70 per cent of the steam. In most 
American water-gas plants, the average decomposition probably 
is not far from 50 per cent. 

Temperature of Fire.-—The temperature of the fuel bed is con- 
trolled by the relative amounts of steam and air put in per cycle. 
If, other things remaining the same, the length of the blow is 
slightly increased, and the length of the run decreased, the blow 
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Fia. 242.—Effect of rate of steam supply on the formation of blue-water gas 
during the up run. 


will be putting more heat into the fire than before and the run 
will be taking less heat out. The temperatures of the fire, there- 
fore, will increase. This will, as already explained, reduce the 
heat kept in the fire by the air, since the CO in the blast gases 
will rise. The heat taken out of the fuel bed by the steam will 
be increased, owing to the higher steam decomposition. Hence 
a new balance will be reached at a higher temperature. Under 
the new conditions CO in the blast gases (and the blast-gas tem- 
perature, to a small extent) will be higher, so that heat loss from 
this source increases; the loss from undecomposed steam will be 
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less; the production will be greater; the water gas made will be 
better, containing less CO2; the radiation losses and clinker 
trouble will be probably a very little worse. If the relative 
amount of air is decreased, the reverse changes will occur. To 
determine the proper conditions, a balance should be struck. As 
a matter of fact, no rational tests on this point are ever made. 
The cycle is adjusted by trial and error to secure a good capacity, 
low CO, in the gas, and reasonable coke economy. 

Due to fluctuation throughout the fuel bed, the temperature 
of the fire, as defined here, is a somewhat vague term, but a rise 
in temperature probably means that both the oxidizing and the 
primary (active) reducing zone rise in temperature throughout. 
There is no such thing as assigning one definite temperature as 
the fuel-bed temperature. 

Length of Cycle-—The shorter the cycle of combined blow and 
run the smaller the variations in conditions, and the more nearly 
the optimum conditions may be maintained. On the other hand, 
short cycles impose more labor on the gas maker, and if the cycle 
is very short there will be an appreciable loss in capacity, due to 
the time occupied in changing the valves; at the same time there 
will be an increased loss occasioned at the end of every run by 
the purging into the air of the blue water gas in the machine at 
the end of the steam-decomposing run. Similarly, the blast gas 
introduced into the water gas at the beginning of every run will 
increase (in percentage). Throughout the evolution of the indus- 
try the tendency has been toward shorter cycles. The hydrau- 
lically operated valves have been of assistance in this respect. 
With automatic operation the whole cycle may occupy only 4 
min., or even less. 


CARBURETTED WATER GAS 


As has been said in Chap. XII, it is practically impossible to 
blow air through a fuel bed of commercial thickness without the 
production of a considerable proportion of CO. The heat con- 
tent of this gas is utilized in the carburetted-water-gas generator. 
The water-gas generator proper is connected by a pipe to a large 
chamber full (usually) of checkerwork. In this the CO made 
during the air blast is burned with additional secondary alr, 
the temperature of the chambers thus being maintained at about 
1350°F. (732°C.). During the steam-decomposition run petro- 
leum oil is sprayed into the blue water gas as it goes into these 


WATER GAS AND OIL GAS 619 
hy 


chambers and is cracked by the heat into lighter hydrocarbon 
compounds, which at ordinary temperatures are fixed gases or 
quite volatile liquids, which have a large number of heat units per 
cu. ft. These compounds are largely ethylene, propylene, ben- 
zene, and other unsaturated compounds which go under the name 
of “illuminants,” since, when burned in a fishtail burner, they 
impart to the blue, non-luminous water-gas flame a high illumi- 
nating value. Blue water gas which has been enriched in this 
manner through the decomposition or cracking of oil is called 
carburetted water gas. 

Applications of Carburetted Water Gas.—Carburetted water 
gas is used almost exclusively as a city gas, in the same way as 
coal gas, very many towns distributing mixtures of the two. 
The abundance of oil has made the United States the great field 
for this gas. In 1923 the production of carburetted water gas 
was 230,206 million cu. ft. as against a total of 379,590 million 
of all kinds of gas manufactured for public distribution. As 
compared with coal gas, carburetted water gas requires less 
ground area and less capital expenditure. A plant may be 
started up and shut down within a few hours at most, and may be 
kept under fire without very great expenditure of fuel. Hence, 
it requires less gas storage capacity, and carburetted-water-gas 
equipment gives a gas plant great flexibility both as to output 
and heating value. 

Composition of Carburetted Water Gas.— With certain reserva- 
tions, to be discussed later, carburetted water gas may be looked 
upon as a mixture of a rich oil gas and blue water gas. Its com- 
position, therefore, will vary with the proportions of these two 
gases, that is, with the amount of enriching oil used. Indeed, 
one of the peculiar advantages of this gas to a city gas plant is 
the possibility of producing with the same equipment gas vary- 
ing in heating value all the way from blue water gas at 300 B.t.u. 
up to a gas of 800 B.t.u. per cu. ft. or even higher, and making the 
change almost instantly. The heating-value standard most 
widely used in the United States is in the vicinity of 530 B.t.u. 
per cu. ft. (gross). The present tendency, however, is toward 
lower standards. 

The ‘oil gas” is composed of hydrocarbons and it appears in 
the usual technical analysis as “methane” and “illuminants.” 
Burrell, Seibert, and Robertson‘ give the values shown in Table 
CXXXVIII as a complete analysis of a carburetted water gas. 
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TABLE CXXXVIII 


ANALYSIS OF CARBURETTED WATER GAS 


(After Seibert and Robertson) 


PreR Cent 
COsz. 4.8 
COm 29.8 
Vale 32.0 
CHE 13.1 
Collen 2.9 
C3Hsg.. 0.3 
(CRIED 9.8 
Higher hydrocarbons (mostly benzene).........-..-. 15 

100.0 


This gas would have a gross heating value not far from 710 
B.t.u. per cu. ft.—much higher than the general run of gas 
today. The amount of the hydrocarbons present will vary with 
the amount of oil used, but the relative proportions of the various 
compounds probably will not vary a great deal. Of course, the 
analysis just given must be looked upon as merely representative. 

Some English tests® give the values shown in Table CX XXIX 
as the analysis of a gas of 483 B.t.u. per cu. ft. (gross). 


TABLE CXXXIX 


ANALYSIS OF CARBURETTED Water Gas 


(After Institution of Gas Engineers (English)) 


PreR CEntT 
RAULDeostboysh alc: feene: ONE ee See ene ER ee a ey eS 5.9 
COm 34.7 
d Sites 30.0 
CH,. 10.0 
Os 0.3 
No.. DED 

100.0 


These compositions are for purified gas, as distributed. Many 
plants use up to 4 or 5 per cent of air in the gas to aid in the 
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removal of the HS by the iron oxide purifiers; in such cases 
the nitrogen content of the gas may be increased by 4 per cent, 
the oxygen also being higher. 

Due to the sulfur in ordinary gas oils, the carburetted water 
gas will have a higher H.S content than the blue gas from which 
it is made. It also will contain “organic sulfur’? compounds 
(CS2, COS, mercaptans) which are not present in uncarburetted 
gas, and which are not removed in the purifiers. With the 
advent of high-sulfur gas oils these compounds have become 
a serious problem. 

Among the higher hydrocarbons whose vapors are present are 
the unsaturated compounds indene and styrene. These possess 
the property of polymerizing, especially under the influence of 
free oxygen and of metallic compounds, to hard resins. They 
are most abundant in the gas when the oil used has not been 
completely cracked. In such cases they tend to deposit in 
consumers’ meters during cold weather and to harden seriously, 
thus interfering with the operation of the meter. Under normal 
conditions they do not cause trouble.'7 

Description of Carburetted-water-gas Plant.—A carburet- 
ted-water-gas apparatus is essentially a blue-water-gas apparatus 
in which one or more large chambers (usually filled with checker- 
brick) have been inserted in the path of the gases between the 
dust catcher and the stack. Figure 243 shows a section through 
a typical plant. It consists of three cylindrical steel shells 
lined with fire brick, all of about the same diameter. The first, 
called the generator, contains the fire, and has exactly the same 
connections as the generator in a blue-water-gas set. From the 
three-way valve the gas passes to the top of the carburetor. 
This is filled nearly full of fire brick, called checkerbrick, laid in 
courses in the form of a sort of grid, no binder of any kind being 
used. In the top of the carburetor there is an oil spray through 
which the enriching oil is spread on the top of the checkerbrick 
during the run. Steam is sometimes used to atomize the oil, 
although in most plants the oil is simply admitted under high 
pressure. The oil atomizer often is constructed so that during 
the blow it is drawn up into a recess in the top of the carburetor, 
where it will be more or less protected from the hot gases, 1 small 
amount of steam running through it continuously to prevent 
clogging. The oil admitted is usually measured by a meter 
placed conveniently to the gas maker’s board. 
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A branch line from the main air line leads either to the pipe 
leading to the carburetor, or else to the top of the carburetor 
itself. This admits the secondary air for burning the CO in the 
blast gases and is closed by a separate valve. 

The superheater is similar to the carburetor, except that it is 
taller. This makes a positive draft which prevents gases from 
coming out the charging door of the water-gas generator. The 
stack is a short section set on the superheater; the gas off-take 
goes not to the scrubber, but to a separate seal pot, having a dip 
pipe as deserided for blue water gas. The tendency of the hot, 
tarry gas in the off-take to deposit carbon makes it necessary to 
have only a short, easily cleaned pipe at this point. Separate 
seal pots are also sometimes used on blue-water-gas sets. 

Every water-gas set will contain one or two pyrometers, for 
controlling the temperature of the checkerbrick. These are 
base-metal thermocouples protected by a metal casing, and pro- 
jecting 2 or 3 ft. into the shell. If there is one it will be at the 
base of the carburetor or the superheater. If there are two, the 
second will be near the top of the superheater. The indicating 
or recording device will be placed conveniently for the gas maker; 
if recording, the pyrometers furnish a valuable check on his 
efficiency. 

The arrangement of the carburetted-water-gas apparatus in 
three shells (generator, carburetor, and superheater) is not 
necessary. In the Williamson apparatus the carburetor and the 
superheater are set on top of the generator, and are contained 
in a single large shell divided vertically into two hemicylinders 
by a brick wall. The generator is charged from side doors and 
the blue water gas enters the carburetor through a long, vertical 
pipe external to the shells. This arrangement saves floor space. 

In the ‘“‘twin machine” two generators are used, each generator 
being equipped with a single carburetor. During the blow the 
two generators are blown separately as in any other machine. 
The up runs are also made separately. In the down run, 
however, steam is admitted at the top of one carburetor, 
passes down through it and down through the fuel bed of the 
first generator. From the first generator the mixture of steam 
and partially formed water gas passes wp through the bed of the 
second generator and up through the second carburetor. The 
enriching oil is added at the base of this second carburetor. 
The next time the steam is admitted at the top of the second 
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carburetor and the action is reversed. The object of this 
arrangement is to provide a double depth of fuel bed and thus 
increase steam decomposition during the run. The Kramer and 
Aarts process is somewhat similar and is used to a certain extent 
for the production of blue water gas and carburetted water gas 
in Europe. In this process the fuel beds (5 to 6 ft. deep) of twin 
generators are blown in parallel and the gases burned in a regen- 
erator consisting of two vertical shafts connected at the upper 
end and then into the atmosphere. Steam passes up through 
one generator, is superheated in passing up one side and down 
the other side cf the regenerator, and then travels down through 
the fuel bed of the second generator. In making carburetted 
water gas by this process oil is admitted into the second genera- 
tor. After the run, the blow is repeated; in the next run the 
steam is admitted to the second generator and the previous 
process is reversed. 

Both of these variations are now mostly survivals and prac- 
tically all new construction (in the United States, at least) is of 
the three-shell type. 

Oil Cracking for Enrichment.—Kinds of Oil Used.—The oil 
used for enrichment is a petroleum oil. Originally, “gas oil” 
was a high-boiling petroleum distillate of gravity 35 to 40°Bé., 
distilling mostly between 200 and 700°F., with usually less than 
2 per cent heavy oil residue. The development of oil-cracking 
processes for the production of gasoline made this oil more 
valuable as a source of motor fuel, and the products of corre- 
sponding boiling range that came on the market for gas making 
were highly unsaturated and much inferior as gas oil. The 
industry then turned to ‘‘topped crudes,”’ that is, crude oils 
from which the gasoline and kerosenes have been removed by a 
simple distillation. These oils are heavy and viscous, boil from 
300 to 750°F., and leave 5 to 10 per cent of coke in the still. 
Most of the gas oil now in use consists of such “topped crudes.”’ 
The best gas oils belong to the paraffin series (see Chap. VI). 
The more unsaturated oils, in general, are not so good for gas- 
making purposes as the oils which are more nearly saturated. 
Thus the aromatics are inferior to the olefines. The use of either 
gas oil or topped crudes by the gas industry depends largely on 
the price of gasoline. When petroleum production is high and 
gasoline cheap, gas oil comes on the market. At times of high 
gasoline prices, gas oil is “cracked”? to increase the supply 
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of gasoline (see Chap. VI) and topped crudes are more generally 
used in gas making. 

The Enriching Process—Since the advent of heating-value 
standards for city gas (in place of candlepower standards) the 
primary aim in the enriching operation is to produce the greatest 
possible number of gaseous heat units from each gallon of oil, 
and, in addition, to produce the smallest amount possible of 
naphthalene, carbon, and gum-forming constituents. 

The carburetting of water gas is a vapor-phase, thermal 
cracking process, in which heavy hydrocarbons are broken down 
to obtain lighter products which are fixed gases at ordinary tem- 
peratures. In its general character it is no doubt the same as the 
processes used in the oil industry, but it differs in several respects. 
In gas making, the process is carried further, as gases and not 
volatile liquids are wanted. The temperature is higher, because 
the process must take place in a shorter time, and to a greater 
extent. Also the cracking takes place in an atmosphere of a 
reactive gas. All the constituents of the water gas affect the 
cracking, but the hydrogen in particular combines with the oil 
vapors to the extent of several per cent and the steam reacts with 
carbon and tar to form blue gas. 

The products formed by the carburetting process are threefold: 
gaseous, liquid, and solid. The gaseous products have already 
been described. The solid consists of a coke or carbon. The 
amount of this material formed varies greatly with the kind of 
oil and the conditions of operation, but it is usually between 5 
and 15 per cent. The liquid is called water-gas tar. It is 
lighter than coal tar (specific gravity about 1.05 to 1.10), black, 
with less pitch when distilled than coal tar, and contains less free 
carbon. The constituents are less valuable than those of coal 
tar. Ordinarily, the tar formed will range from 20 to 30 per 
cent by weight of the oil used. The gas formed from the oil 
will represent, under modern conditions, a contribution to the 
total gas make of about 100,000 B.t.u. per gal. of oil—rather 
less than more. 

If the temperature of the checker chambers is too high, objec- 
tionable amounts of naphthalene (CioHs) will be formed. This 
substance, though a solid, has an appreciable vapor pressure, 
and is capable of causing great trouble by depositing in the 
distribution system. If not too abundant it remains largely 
in the tar. 
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The tar has a good effect in that it removes from the gas the 
dust and the iron compounds which cause trouble with 
uncarburetted gas. 

Factors Affecting Cracking.—Temperature.—The temperature 
fluctuations in the top of the carburetor are violent (from 1700 to 
1100°F. (927 to 600°C.) or even lower), but this variation does not 
matter, because in this part of the brickwork the oil is merely 
vaporized. These fluctuations can only be allowed in the top of 
the carburetor, however, and for the successful operation of a 
carburetor and superheater very close regulation of the tempera- 
ture at the latter end of the checker chambers is required. The 
temperature varies somewhat with conditions, but it is usually 
between 1350 and 1400°F. (732° and 760°C.). If the tempera- 
ture is too high, more naphthalene and carbon are formed. If 
the temperature is too low, the heat contributed to the gas by 
the oil falls off, and at the same time the tar made contains 
uncracked oil, and forms an emulsion with the condensed water 
that is very difficult to separate; at low temperatures the gum- 
forming constituents, styrene and indene, also increase. 

If the cost per B.t.u. contributed to the gas by the coke were 
much lower than for the oil, there would be an advantage in 
favor of the oil which gave an oil gas of the highest heating value 
per cu. ft., since less oil would be required to produce a gas of a 
given heating value. At present prices, however, this question 
is not important. The volume of gas produced by 1 gal. of oil 
is of the order of 50 to 70 cu. ft. 

Effect of Time of Contact——According to the experiments of 
Downing and Pohlmann,” times of contact ranging from 114 
to 10 sec. varied the heat contributed by the oil to the gas only 
about 3 per cent. 

Effect of the Brick Surfaces.—It is often assumed that the brick 
surface is the active agent (catalyst) in bringing about cracking. 
There is no direct proof of this, however. In the carburetor the 
brick is needed to store the heat for vaporizing the oil and raising 
the gas to the cracking temperature; but the cracking process 
proper proceeds almost without absorbing or giving off heat, and 
it is doubtful whether the superheater brick has any other func- 
tion than to keep the gases at the proper temperature. The 
presence of the brick, of course, reduces the time of reaction. 

A number of variations of checkerbrick arrangement have been 
tried—increasing or decreasing the ratio of brick to free volume, 
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or changing from staggered to flue arrangement. These changes, 
however, have apparently not been made on any discoverable 
set of established principles, but merely according to individual 
experience, judgment, or guess. 

Effect of Atmosphere-—The atmosphere in which the cracking 
is carried out has, as Downing and Pohlmann showed, a great 
effect on the products of cracking. Figure 244 shows the heat 
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Fia. 244.—Effect of different gas atmospheres on cracking oil for water-gas 
enrichment. Improvement due to (1) flushing action of gases, (2) hydrogena- 
tion, and (3) formation of water gas from carbon and tar. 


contributed per gal. of oil as determined in the laboratory.” 
As it happens, blue gas containing steam is as favorable as any 
of the atmospheres investigated. hy: 
Operation of a Carburetted Water-gas Set.—At the beginning 
of the blow the gases contain practically no CO, so the secondary 
air valve is left closed. As the blow progresses, a slight blue 
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flame of CO appears at the stack, and the gas maker gradually 
opens his secondary air valve so as just to prevent this flame from 
appearing. He is then operating at maximum efficiency, there 
being no CO and no excess air. The very intimate mixture of 
producer gas and air in the checker chambers makes it possible 
to attain almost theoretical combustion. Due to the high tem- 
perature in the brick, even a gas containing very little CO will 
ignite. If for any reason the checkerwork is exceptionally cold, 
as when first starting the machine, it may be necessary to wait 
until the percentage of CO is fairly high before opening the sec- 
ondary air valve. Otherwise an explosive mixture may be 
formed which, when it does ignite, will cause considerable damage. 

When the burning of the CO has raised the checkerbrick to 
the proper temperature, as determined by the pyrometer, the 
blow is ended, and the gas maker begins the run. As the pro- 
tected pyrometer has a lag of the order of a minute, some experi- 
ence is required to determine the proper time for stopping the 
blow. As soon as the steam is turned on, the gas maker will 
begin to admit the oil. As the oil strikes the hot brick at the 
top of the carburetor,* it flashes into vapor, which cracks in its 
passage through the checkerwork. In vaporizing, it leaves a 
layer of coke on the top of the carburetor. At the same time it 
violently cools the top checkerbrick. Hence, the distillation 
of the oil goes more and more slowly, and the oil drips further 
down into the carburetor. The gas maker, therefore, arranges to 
put in the predetermined amount of oil in about a minute less 
than the full time of the run, so that all the oil may vaporize and 
the oil gas be purged from the machine and not lost when the 
stack is opened. 

On the subsequent blow, part (but only part) of the coke 
deposited in the carburetor is burned off. During cleaning and 
charging also the draft through the machine helps to remove 
this deposit. Much coke remains, however, and is mixed with 
the fragments of the top carburetor brick, which disintegrate 
under the severe temperature fluctuations they undergo. Thus 
the top of the carburetor gradually chokes up, and after a certain 
time this seriously reduces the capacity of the apparatus, and 
interferes with the proper cracking of the oil. It is necessary, 

*In addition to the oil vaporized at the top of the carburetor, all sprays 


make some mist and the streams of oil forcibly striking the brick make more 
vapor. ‘This is carried down to the lower courses of brick. 
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therefore, to shut down the set, cool it, and rechecker the car- 
buretor, mostly with new brick. The frequenty of recheckering 
varies—every 1000 hr. of running is a common practice. The 
superheater brick lasts much longer. 

The poor quality of oil now used has made the problem of 
coke deposits a serious one. A recent development is the use 
of a carburetor without any checkerbrick. The oil is very finely 
atomized by an efficient spray, and the radiant heat of the walls 
is relied on to vaporize it. The superheater is checkered as 
usual. The coke formed collects in the bottom of the carburetor, 
where it may be hoed out easily. This process makes it possible 
to use cheaper oils. It is stated!® that a number of plants are 
now operating in this way in the United States. 

The Chrisman down-run process also has been developed to 
increase the capacity and efficiency of carburetted water gas sets 
(see Report of Water Gas Committee, Am. Gas Assoc., 1925). 
In this process the gas made on the down-run is taken from 
the bottom of the generator direct to the wash box (as when the 
reversed air blast system is employed). The gas made on the 
down-run leaves the generator at a lower temperature than either 
the up-run or the blow gases, and this temperature is below that 
necessary for efficient oil results in the carburetor. Since these 
relatively cool gases are bypassed to the wash box, they do not 
cool the checkerbrick in the carburetor and superheater, and 
less generator fuel need be burned to maintain the brickwork 
at the proper temperature for oil decomposition. Enriching 
oil is, of course, admitted only on the up-run. Since less heat 
must be absorbed by the carburetor and superheater during the 
blow, this part of the cycle may be shortened, thus increasing 
the capacity of the set by virtue of the greater number of runs 
possible per hour. The actual fuel savings observed with this 
system have been 2 to 3 Ib. of generator fuel per 1000 cu. ft. of 
gas made. 

Energy Distribution in Carburetted-water-gas Manufacture.— 
The production of carburetted water gas is really a double process 
—the production of blue water gas and the cracking of oil. How- 
ever, since the blue-water-gas process must supply the heat for 
the checkerbrick, and since the oil reacts with the water gas, 
it is not practicable to separate these processes and present heat 
balances for each. However, it may be said, in general, that 
the cracking of gas oil is comparatively an efficient process, so 


630 FUELS AND THEIR COMBUSTION 


that the average efficiency for carburetted water gas is higher 
than for blue water gas. Two sets of results are presented in 
Table CXL. One series of values was obtained by Evans’ for 
a rich gas made with anthracite on a 6-ft. external diameter set. 
The other figures are from tests by the Institution of Gas Engi- 
neers® made on a 7- or 8-ft. internal diameter set, in which a 
relatively lean gas was produced from coke. 


TABLE CXL 
Heat BaLaANce OF CARBURETTED-WATER-GAS SET 
Seventh a 
Report, 
per cent 
per cent 
Input: 
Heat of combustion of coke or anthracite................... Ly ae 40.1 
Heat ot combustion of Oi. peprnccueua + ok rein aeeare ives ein oie mae 38.5 55.8 
Heat IoaiT Tis arcs vows s ee bse vieh wa ve en ee chit s aie an ete 0.1 0.2 
Lotalibeat-of steams. 2h sast.4 5 0 okie thes herent eile eee 4.1 3.9 
100.0 100.0 
Output: 
Heat of combustion (potential) of gas made................. 60.2 68.1 
Sensiblovhestiin. was Mader. « crve cc eke eke Steak ie aula eae ee 4.0 3.3 
Total heat of undecomposed steam...................-.-+s 1.9 4.0 
Heat. of combustion. Of tare oes ake vale cers aie artis eaeiane eee 6.5 8.8 
Sensible.and latent heat of Garces... eecees oc eaele oi ene 0.3 0.5 
Sensible heat, iblowwasesn ds <6 < cle ston Sails whee ide ee 12.9 6.6 
Heat: of combustion, blow gases... a. «as as. 6 eee oe eee 6.3 0.1 
Heat of combustion of clinkers; dust................+-e-.- 4.0 1.5 
Sensiblevhéat incsamietease ain. ooe Pecunia chek « Sone ee O22 0.1 
Undetermined (radiation, carbon deposits, ete.)............. + a i 7.0 
100.0 100.0 
Bite. Of gas-Made, per Cus Lun. bodes anne «eel eeie eee ees 485 B.t.u. | 656 B.t.u. 
Temperature of blast gases leaving set.................--.05- 1340°F. 1280°F. 
(727°C.) (693°C.) 
Temperatureioy rasleavinw Bot cc. e eek eee eae ee eee ee 1330°F. 1280°F. 
(721°C.) (693°C.) 


The greater thermal efficiency of the oil-cracking process is 
obvious. It may be remarked that the heat of combustion in 
the blow gases, as observed in the Institution tests, is more 
than American practice would allow, the per cent of CO in the 
blow gases being 3.3. 

Principles of Carburetted-water-gas Operation.—It is a 
cardinal principle, in American plants at least, that no CO flame 
shall be visible at the stack of a well-operated machine, except 
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momentarily at the beginning and end of the blow. The reason- 
ing on which this is based is obvious. If the blow is continued 
after the checkerbrick is at proper temperature, a large portion 
of the heat in the coke burned will escape at the stack, since the 
CO in the gases is high at the end of the blow. Also, the gases 
escape at checkerbrick temperature, so that a further large loss 
as sensible heat results. 

Admitting the principle, several important consequences 
follow. In the first place, it is not possible to operate a carburet- 
ted-water-gas apparatus on an arbitrary time schedule, with 
fixed steam and air rates, for if all these things are fixed, the 
temperature of the fire is fixed, and, therefore, also the amount 
of CO obtained on the blast and the amount of water gas made on 
the run. Since the heating value of the gas is fixed, the oil to 
be admitted is fixed, and hence the heat to be abstracted from 
the checkerwork on each run is fixed. If, therefore, the fixed 
schedule does not happen to provide exactly the right fire tem- 
perature, there will be either too much or too little CO to provide 
the heat needed in the brick. Too little is not allowable, for 
the checker temperatures must be maintained. There must 
not be too much, by the principle given. Hence either the time 
schedule, or the steam or air rates, must be adjusted until there 
is a balance between the CO made and the oil consumed. 

It follows from the above (with fixed steam and air rates) that 
for every heating value of gas made there corresponds a certain 
fuel-bed (fire) temperature, and that the higher the heating value 
the higher the fuel-bed temperature. The more oil is used per 
cu. ft. of gas made the more CO will be required in the blast 
gases, and this means a higher fire temperature. 

The higher the heating value of the gas made the more oil will 
be used in the set; the more oil is used the more CO must be 
made on the blow to reheat the brick; to make more CO requires 
a higher fire temperature; a higher fire temperature means a 
better steam decomposition and a higher capacity for making 
water gas. If the heating-value standard of a carburetted water 
gas is raised, the plant making the gas will. be capable of making 
a larger volume of gas, for two reasons: First, the blue-water-gas 
generating capacity goes up for the reasons stated above. Sec- 
ond, the increased oil input also increases the oil gas made. The 
production in heat units will, of course, be increased even more 
than the production as measured by volume.*® 
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Another peculiarity of the carburetted-water-gas apparatus 
is the constancy of the sensible-heat losses. Both blow gas and 
water gas are discharged substantially at checkerbrick tempera- 
ture. It is, therefore, immaterial, from this point of view, at 
what temperature these gases leave the generator. 

Altogether, the variations which it is possible to produce in 
the operation of a carburetted-water-gas apparatus are far more 
restricted than in the case of the uncarburetted gas. 

Coal as a Generator Fuel.!*—Since bituminous coal is decidedly 
cheaper than coke, especially in the Middle West, it would be 
advantageous as a substitute for coke, even if the efficiency were 
somewhat lower. In recent years a great deal of work has been 
done along this line, and there are now quite a number of plants 
operating solely on coal, and others using mixtures of coal and 
coke. 

The difficulties in the use of coal arise from two causes—the 
coking of the coal and the volatile matter, with the dust from 
the coal as a further source of trouble. The tendency of the coal 
to cake, in the deep fuel beds used, makes it difficult to put 
through the necessary air and steam, and increases the tendency 
to form holes in the fire. Accordingly, it is always found that 
the use of coal alone decreases the capacity of the generator to 
make water gas. Smaller amounts of coal may be mixed with 
coke without much trouble in this respect. 

In so far as the volatile matter in the coal distills off during 
the run, it is advantagéous, reducing the amount of oil required. 
But the distillation goes on during the blow also. It is quite 
impossible to utilize this coal gas by burning it in the checker- 
brick. Every per cent of coal gas in the blast gases would mean 
that some 2 per cent CO may be dispensed with. This means 
that, from a thermal-balance standpoint, the temperature of the 
fire can be reduced; and experience shows that the reduction is 
so great that the fuel becomes incapable of decomposing steam. 
If burned in the air, the blast gases produce more or less smoke, 
which is objectionable in cities. 

To overcome these difficulties, the “blow-run’”’ method of 
operation has been devised. This consists in closing the stack 
valve toward the end of the blow, and discharging the products 
(producer gas, since the secondary air will be turned off) into the 
water-gas system for a fraction of a minute. This procedure 
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makes the efitante of utilization of the coal* very good indeed. 
At the same time, since the producer gas has a low heating value, 
more oil will be required. At the present prices for oil this is 
not a great disadvantage. The capacity of the apparatus is 
very much increased, and the smoke nuisance reduced. This 
procedure is only applicable, however, where the pressure of the 
blow gases is greater than the pressure in the gas line.!1 

The ‘‘reverse air blast process” (see Howard, Am. Gas Assoc. 
Monthly, October 1925) was also devised especially for improving 
the operation of water-gas sets using bituminous coal as fuel. 
’ As the name of the process implies, during part of the blow the 
air blast passes down through the fire. The cycle is as follows: 
(1) up blast, (2) reversed blast, (3) up-run (all the oil is admitted 
during this period), (4) down-run, (5) up-run, and (6) air purge. 
The reversed blast replaces the blow run in the ordinary cycle, 
air being admitted into the top of the superheater, passing up 
through the carburetor and then down through the fuel bed. 
The reversed blast gases pass directly from the bottom of the 
generator to the wash box or scrubber. During the down-run 
the blue gas also passes directly to the wash box through the 
same pipe (called the ‘‘bypass pipe’’). In this process the hot 
valve is eliminated, two reversing valves being located in the 
wash box. 

When the reversed blast is used the up blow is so short that 
the lower part of the fuel bed is not heated to the very high tem- 
peratures attained in ordinary practice. During the reversed 
blast, combustion takes place in the upper part of the fuel bed, 
and the reduction of the resulting CO. by the fuel lower down in 
the generator absorbs heat, the net effect being a lower maximum 
temperature, a higher average temperature, and a more uniform 
distribution of heat. Results from the initial installations seem 
to indicate the following advantages: (1) the capacity is 
increased, (2) the generator fuel is reduced, (3) there is a slight 
reduction in gas oil, (4) the life of the checkerbrick is prolonged, 
and (5) on account of the lower temperatures at the base of the 
fire, the clinker is soft, brittle and easily removed. The set has 

* This system is also quite generally used with coke as well as coal. 
Furthermore, the “blow purge’”’ is also being used. That is, the stack 
valve is not raised until some time after the air valve is opened, and air has 
therefore started to go through the set at the beginning of the blow. In 
this way the water gas which is left in the set at the end of the run is blown 
into the holder instead of being wasted into the air. 
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more valves, however, and there is a slow corrosion of the pipes 
and valves through which the reverse blast gases are passed. 

Another new departure of considerable importance in sets 
using coal as fuel is called the Pier process (see Report of Water 
Gas Committee, Am. Gas Assoc., October 1925). It has been 
found that in the fuel bed of a bituminous coal fired water-gas 
set, activity is confined to a ring extending from 114 ft. to 2 ft. 
from the generator walls toward the center, and that the fuel in 
the center is only partially consumed. This condition is caused 
by the resistance to air flow offered by coked coal in the center 
of the charge, and by the relatively free passage of air up along 
the generator walls, where the larger pieces of coal tend to collect. 
This not only results in a loss of unburned fuel at the center, 
but also seriously lowers the capacity and causes excessive 
clinker formation in the hot active ring near the generator walls. 
Moreover, in attempting to force the generator, the blast velocity 
along the walls is unduly high, and considerable quantities of 
fuel are blown over into the carburetor. The Pier process (a 
refractory cylindrical pier built in the center of the generator) 
has been adopted to remedy this situation. The insertion of a 
pier cores out the inactive section of the fire, gives additional 
radiating wall surface and results in a fuel bed of practically 
uniform temperature across horizontal sections. The use of 
the process with Illinois and other bituminous coals has indicated 
the following advantages: (1) the gas making capacity is mate- 
rially increased, (2) the fuel consumption is reduced, (3) the 
clinkering time is reduced by 30 to 40 per cent, (4) oil consump- 
tion is decreased because of the better quality of blue gas, and (5) 
less fuel is blown over. 

Back-run Process.—A recent development of much interest, 
now operating in a good many plants with success, is the back- 
run process. In this process the down-run steam is put in, not 
at the top of the generators, but at the top of the superheater. 
It passes down through the superheater, up through the carbure- 
tor, into the top of the generator, and out of the bottom of the 
generator through an additional back-run line to the seal pot. 
There is no three-way valve, but valves are placed in the back- 
run line and in the regular gas off-take. In passing through the 
superheater the down-run steam cools the upper courses of brick. 
Hence on the subsequent blow the gases leave the machine at a 
lower temperature, effecting a saving in generator fuel. Also, 
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since the down-run steam does not pass through the checkerwork, 
it also leaves the apparatus at a lower temperature, effecting 
a further saving. The expensive and troublesome three-way 
valve is also done away with. 

It is necessary, in this process, to put in the carburetting oil 
during the up-run periods. This makes for a slightly lower oil 
efficiency. Actual tests, however, seem to indicate that the loss 
is not serious, and that a saving in generator fuel is obtained, 
together with an increase in capacity. Actual tests show a 
reduction of from 114 to 3 lb. (out of perhaps 30 Ib.) of generator 
fuel per 1000 cu. ft. 

Enrichment by the Catalytic Production of Methane from Blue 
Water-gas.—The prospect that the price of enriching oil would 
become very much higher in the future has led to a great deal 
of work on the production of methane from blue water gas. 
With the aid of catalysts (usually metallic nickel on a porous 
support) various reactions producing methane occur. The 
principal reactions are: 


CO + 3H, = CH, + H.O + 88,000 B.t.u. (1) 
2CO + 2H, = CH, + CO..+ 106,700 B.t.u. (2) 
CO.4- 4H. = Chu 20.0 + 69,300 Btu. (3) 


Of these reactions (1) and (3) would be the most desirable, 
since the water produced will condense from the mixture, thus 
improving the enrichment. In practice, however, reaction (2) 
predominates, when blue gas of normal composition is used. 

Though the equilibrium for these reactions becomes better 
at low temperatures, they do not proceed at measurable rates, 
even with the catalyst, below 392°F. (200°C.). As the tempera- 
ture is raised, the rate becomes sufficient for commercial opera- 
tion; at the same time, however, the reaction 


9CO = CO. + C (4) 


is also catalyzed by the nickel, and at too high a temperature this 
reaction begins to deposit carbon on the catalyst, injuring its 
activity. As a result, the reaction must take place in a very 
narrow range of temperature in the neighborhoad of 620°F. 
(825°C,) 238 

It will be noted that all the reactions involved are exothermic. 
Since the heat is evolved at a low temperature, it would not be 
practical to recover it, and the enrichment would, therefore, 
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involve the loss of some 20 per cent of the heating value of the 
gas converted to methane. 

It has been stated that the nickel catalyst is very sensitive 
to poisoning, especially with organic sulphur compounds. How 
serious this would be in commercial operations is uncertain. 

The large amount of CO, introduced into the gas is an objec- 
tion; but this could be removed, and the enriching effect much 
increased, by scrubbing with water under pressure. 

At the present prices for gas oil, this process does not seem to 
have any chance for commercial success. It has been estimated'!§ 
that for material costs alone the catalytic process (with scrub- 
bing) with coke at $9 a ton corresponds to an oil price of 6.9 cts. 
per gal. If the cost of catalyst, of scrubbing, and of heating to 
reaction temperature be considered, it will be seen that the 
method can have commercial significance only if the price of 
oil rises above present levels. 

Blue Water Gas as a Raw Material for Liquid Fuels and 
Chemicals.— During recent months articles!’?° have appeared 
in the literature and patents have been taken out tending to 
show that in the future blue water gas may be the raw material 
for chemicals such as wood alcohol (methanol), as well as for 
liquid fuels suitable for the automobile. For example, water gas 
can be used to manufacture wood alcohol (methanol) in accord- 
ance with the following reaction by compressing the gas to 2000 
to 3000 lb. per sq. inch and passing the mixture over zine oxide as 
a catalyst at a temperature of 750°F. 


CO + 2H: = CH;0H. 


If the same process is carried out with iron filings impregnated 
with a strong base, such as potassium carbonate, as a catalyst 
instead of zine oxide, then the product is a mixture of higher 
alcohols called Synthol by Franz Fischer. Approximately 97 
per cent of the mixture of these higher alcohols distills off at 
temperatures below 392°F. (200°C.), thus making this material 
of interest as a motor fuel, especially since it should have a higher 
thermal efficiency than gasoline, due to the anti-detonating effect 
of alcohols. The properties of that fraction of Synthol that 
distills below 392°F. (200°C.) are as follows:!9 

Color: Light yellow, not darkening on standing. 

Specific gravity 20°/4°C. = 0.8289. 

Carbon, 69.3 per cent; hydrogen, 12.3 per cent. 
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Higher heating vilue: 14,750 B.t.u. per lb. 
Lower heating value: 13,570 B.t.u. per lb. 
Thickening point: Non-viscous at — 22°F. 
Boiling range: 


Temperature, degrees Fah- 


POWHGUT HN toe ee ee ae: 144-176 | 212 | 248 | 284 
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Beebe viene 11 


It is interesting to note that if hydrocarbons are desired from 
this type of a process equal proportions of Hy and CO are used, 
thus: 

2H, + 2CO = CH, + COsz. 


An excess of hydrogen over CO causes the alcohols to be formed. 
A variety of compounds, such as methane and higher hydro- 
carbons, ethylene, methyl alcohol, and the higher alcohols, 
have been found by these processes, all of which show the possi- 
bilities of this type of synthesis. It would seem as if the gas 
works, with water-gas equipment already installed, could make 
use of some of these processes to even out their fluctuations in 
load. 


OIL GAS 


Oil gas is made by the thermal decomposition (cracking) 
of petroleum oils and is very much like coal gas in composition. 
Considerable quantities of this fuel, which is essentially the gas 
used for the enrichment of carburetted water gas, are produced 
in localities where oil is cheap and coal or coke expensive, or in 
localities where it is advisable to safeguard against uncertainties 
in solid-fuel delivery. Oil gas is made either by the checkerwork 
process (such as the Jones) or, in very small plants, by the Dayton 
process. In the Jones process a mixture of oil and steam is 
passed through generators filled with checkerbrick, the brick 
having previously been heated by the combustion of an air-oil 
spray. In the Dayton process the heat necessary for the forma- 
tion of the oil gas is supplied by the combustion of part of the 
oil inside a gas-making retort. 

Applications of Oil Gas.—Although employed to a limited 
extent for industrial heating, the main outlet for oil gas is in 
place of coal gas for the distribution through city mains. On the 
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Pacific Coast, for example, where oil is the only cheap fuel, large 
quantities of oil gas are used as city gas. In the eastern United 
States, however, oil prices are higher and oil gas cannot compete 
with coal gas or carburetted water gas except in localities near 
tidewater, (where relatively cheap oil is available). Oil gas 
manufacture has many advantages as a stand-by process to meet 
peak loads. 

The advantages of oil gas are: (1) the plant can be built in 
such large units that labor charges can be greatly reduced, (2) 
there is no trouble from clinkering, (3) the heating value of the 
gas produced can be varied at will between quite wide limits, (4) 
on account of the lower gravity of oil gas from the Jones process 
(as compared with water gas), the capacity of the distribution 
system may be somewhat increased, and (5) both the Jones 
process and the Dayton process can be relied upon to produce 
gas practically continuously and therefore smaller holders are 
required. 

There are certain disadvantages, however, in using oil gas to 
replace a city gas. In the first place, as pointed out for blue 
water gas on page 599, the air shutter adjustment for present 
city gas in most localities is different from the adjustment 
required with oil gas. The necessary changes in shutter adjust- 
ment would be expensive. Furthermore, the rate of flame 
propagation with Dayton gas is very low on account of the 
high percentage of hydrocarbons (see Chap. XI). There would 
be a danger of the flames from existing burners blowing out, 
since the gas velocity through the ports might be greater than 
the speed of flame propagation. 

Composition of Oil Gas.—The composition of oil gas varies 
greatly according to the process of production. Jones process 
gas contains but little nitrogen, since no air is admitted to the 
machine during the gas make, and is relatively rich in hydrogen, 
which results partly from the action of steam on the carbon 
deposited during the blow. Dayton process gas, on the other 
hand, is relatively low in hydrogen, and contains all the nitrogen 
from the air used to partially burn the oil. The composition of 
the gas also varies with the type of oil used. These points are 
brought out by the analyses of typical gases made by the 
Jones’! process and by the Dayton process given in Tables 
CXLI and CXLII. 
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TABLE CXLI 


ANALYSIS OF JONES Process Ort Gas 


. |Gas from heavy 
: S ali- : 
Constituent f an clone, Cali California crude, 
ornia, per cent 
per cent 
(CO) Tee eteaee | Ree Nae tose Se PEG. Re, 2.8 2.6 
(CAI 1 3 Se 6 ee AAT 0 
LO Pitas che Aces eat. nee nor are Aaa Oi 
(2) I es Pe), Beek Cee oe 10.6 9.2 
COT ee ek ieee oot ee ce. PCr 27.0 34.6 
Daan AM screw esa baye Sharia intakea DseD 39.8 
UNE SA co oni on eRe ee BES 6.8 
100.0 100.0 
Bite pere crite. series atts ke ae Os 585) Baru: 680 B.t.u. 
MpecthCrSTAVilye ceases oe 0.391 0.482 
TABLE CXLII 
ANALYSIS OF DayTon Process O1n Gas 
ANALYSIS oF 450 
B.t.u. Gas, 
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ARG < Oe eRe EN SS eee ee ne segewres ee ar mentr ce we 8, OO) 
BA EAOLS TATGTE (CRD IMGE tn cy dis he Oe co ePOtraciey Ga eeh Manone rerirernan etn 220010)Bl But b le 
SDECINGEOTAVAGY eee canes te ee poe te mere.,  ll OZ 


Apparatus and Operation of an Oil-gas Set.—Since the 
Jones process and the Dayton process for the production of oil 
gas differ greatly, the two methods are discussed separately. 

The Jones Process.*—The Jones improved oil-gas set, as shown 
in Fig. 245, consists of two generator shells in the form of a 
U, with a wash box and scrubbing equipment. The wash box, 
though different in shape, functions similarly to the wash box 
in a water-gas set. Both generators are lined with fire brick, 


* For a more complete discussion of oil-gas production by the Jones proc- 
ess see Linpsay and Prass,”4 and Roarrs.”} 
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and are divided into various chambers partly filled with fire 
brick supported by arches. The heating oil is burned in the 
first chamber at the top of the primary (shorter) generator. 
Below the arches supporting the checkerbrick in the first 
chamber is the primary make chamber into which the primary 
make oil is sprayed. The primary make checkerbrick extends 
into the bottom of secondary (taller) generator. Secondary 
make oil is sprayed into a secondary make chamber above the 
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Plan 
Fria. 245.—Jones process oil-gas set. 


top of the primary make checkers and during the gas make steam 
is admitted through secondary superheat steam checkers which 
are above the secondary make chamber. The stack valve is 
located in the top of the secondary generator. 

The gas off-take is part way up the secondary generator (on 
the level of the top brick of the primary make checkers) and is 
equipped with large doors for cleaning out the considerable 
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quantities of lampblack formed in the process. The gas off- 
take leads into the wash box, to which rapidly circulating water 
is constantly added. This water circulates through a continu- 
ous filter which removes the lampblack formed in the generators. 

The usual cycle of the Jones process is about 20 min., divided 
as follows: (1) one-minute primary air blast with stack valve 
open. This clears out the machine, burns out carbon deposits 
in the primary generator, and thus aids in raising the heat for 
the next run. (2) One-minute secondary air blast with reduced 
primary blast (stack valve open). This burns out carbon 
deposits in the secondary generator. (3) Eight-minute heating 
period with primary blast and from 4 to 6 gal. of heating oil per 
min. (stack valve open). (4) Ten-minute gas make (stack valve 
closed). At the end of the heating period the blast and the 
heating oil are shut off, the stack valve closed, and steam admit- 
ted at the top of the primary generator at a rate of about 2200 
lb. per hr. Steam is also admitted at the top of the secondary 
shell at about half this rate. The purpose of the steam is to 
react with carbon deposited during the heating period. About 
114 min. after the stack is closed, primary make oil (25 to 30 
gal. per min.) is sprayed in and secondary oil admitted (15 to 
20 gal. per min.). The addition of oil is continued for from 6144 
to 744 min. After the make oil has all been admitted the oil 
valves are shut and steam left on for 2 or 3 min. to purge gas out 
of the generators and to reduce carbon deposits. The stack 
valve is then opened and another heat started. 

It is stated?! that in large Jones process sets the heating oil 
amounts to about 16 per cent of the total oil used, which averages 
about 8.5 gal. per 1000 cu. ft. of gas made. In older oil-gas sets 
very large quantities of lampblack were produced (over 30 lb. 
per 1000 cu. ft. of gas made), but under modern conditions this 
figure can be kept down to about 20 lb. of lampblack per 1000 
cu. ft. The lampblack does not represent a direct loss, however, 
since after reasonable draining and air drying (from 60 to about 
25 per cent water) it can be used as a boiler fuel. One plant” 
is obtaining satisfactory results with a mixture of 75 per cent lamp- 
black and 25 per cent anthracite screenings on a Coxe stoker. 
In certain other plants the lampblack is briquetted. 

The Dayton Process.—In the Dayton process the combustion 
of a part of the oil furnishes the heat necessary to “crack” the 
remainder of the oil in the generator unit. A section through a 
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Dayton process unit is shown” in Fig. 246. In starting up the 
generator enough oil is burned in the combustion chamber sur- 
rounding the retort to bring it to the proper temperature. When 
this temperature has been reached, the amount of heating oil is 
greatly decreased, and a mixture of air and gas make oil admitted 
through the atomizer. The air (which is preheated by hot gases 
leaving the retort) and the oil pass into the retort, in which par- 
tial combustion and thermal decomposition take place. In this 
process it is possible to produce a gas continuously with any 
desired heating value between 300 and 560 B.t.u. per cu. ft. with 
the use of but little heating oil in the combustion chamber sur- 
rounding the retort. For the production of gases having values 
above 560 B.t.u. per cu. ft. it is necessary to use considerable 
heating oil, because the air supplied for this heat content does not 
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I'ta. 246.—Dayton process oil-gas set. 


give enough partial combustion to maintain the retort at suffi- 
ciently high temperatures. 

It is stated that about 4 gal. of oil are used in the production 
of 1000 cu. ft. of 450 B.t.u. gas. The net cost (not including 
interest on the investment, depreciation, and overhead) is said to 
be about 35 cts. per 1000 cu. ft. of gas. A small amount of tar 
(about 0.3 gal. per 1000 cu. ft.) is recovered in the process. The 
gas made is relatively clean and free from sulfur and the equip- 
ment required occupies but little floor space. It is possible to 
bring the equipment to capacity from complete shutdown in less 
than an hour. Unless properly regulated, carbon is apt to form 
in the retort. 
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Energy Distribution in the Formation of Oil Gas.—Heat 
balances on Jones gas-oil sets and on Dayton process sets of 
course vary greatly, considerable quantities of lampblack being 
made in the Jones process. Heat balances of the “single-shot” 
process” (somewhat similar to the Jones process), in which the 
oil gas is made in a single shell, and of the Dayton process are 
given in Tables CXLIII and CXLIV. 


TABLE CXLIII 
Heat Banance or A “SINGLE-SHOT” Ort-cas SET 
(Portland Gas & .Coke Co., July, 1920, to June, 1921) 


Per Cent or ToTau 
Heat Input 


Heat input: 
Heatequivalent of make oil. .jaseeeetos ees cee So. 
Heat equivalent of heating oil......./..3.......... 6 
Sensible heat in oil (above 60°F.)................. 0 
Heat inisteamisised An weew ys oh abu SACI enkee e ee 
Sensible heat of blast air (above 60°F.)............ 0 

FOIL Sere Obs omelets et Renee oays ase ea en ee OOO) 

Heat output: 

Potential heat in purified gas (heat of combustion).. 42.8 
Potential heat in lampblack=s-.-....-...--..-- 26.2 
ROvenialelentnine sce eer wae ye rise cones eee Meroe 

Total heaiwost seme acl teres Ae aie CMe Oem Riche aos MO 


100.0 


Table CXLIII shows that the heating oil supplies about 13 per 
cent as much heat as the make oil. The gasification efficiency 
is not high, only 72.1 per cent of the heat being recovered in 
usable form (26.2 per cent being in the form of lampblack). The 
major part of the item, ‘‘ Total heat lost,” is accounted for by heat 
lost in the stack gases (7.2 per cent of the heat input) and by 
heat in carbon deposited but not burned (9.5 per cent of the 
total heat input). 

The heat balance of a Dayton process oil-gas set?® is shown in 
Table CXLIV. 

Table CXLIV shows the high efficiencies attained in the Day- 
ton process, over 90 per cent of the total heat input being recov- 
ered in usable form as potential heat in the gas made and as 
potential heat in the tar. 
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TABLE CXLIV 


Heat BALANCE or A Dayton Process O1L-Gas SET 
(Data obtained at Plymouth (Mass.) Gas Light Co.) 


PreR Cent oF TOTAL 
Heat Input 


Input: 
Potential beatin) Ol. anmmetaee nee eae 93.5 
Sensiblevheat: 1 Oil; cee ei ee eee 0.0 (nearly) 
Potential Merb in plot easy ane eee 6.5 
Sensible heat in) pilot gasess22--2 es et 0.0 (nearly) 
Sensible heat in pilotainio. 20-5. -.2 = 0.0 (nearly) 
0.0 


Sensibleiheatumimetorg alt reesmiee serait (nearly) 


| 


100. 


So 


Output: 
Potentialtheatim cas Maden. wwe on eee 74. 
Sensible heat in gas made................ 2, 
Radiation and convection..............-- 0 
Potential beatin tare. eee ere 20 
Sensible: hes bum tanec | oi steers eens OQ. 
Sensible heat in stack gas................ 0 
Latent heat im: stack @asiq.q.esee se cee sO 
Water from 1eactions seem amemereer eee 2 


Re RORORAH 


‘Totslisea tat st See ee ee ae See 100.8 
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CHAPTER XX 
THE CARBONIZATION OF COAL 


The carbonization or destructive distillation of coal in the 
absence of air has for its primary objective the conversion of 
the initial fuel into the superior forms of coke, coal gas, tar, 
and the benzols. Coke, the hard cellular residue left on carboni- 
zation, is essential to the metallurgical industries and is being 
adopted to an increasing extent where a smokeless fuel is advan- 
tageous. Coal gas, the gaseous product of carbonization, 
forms the backbone of the manufactured-gas industry and its 
application in domestic and industrial heating is expanding 
rapidly. The by-products of carbonization, such as tar, 
ammonia, and the benzols, have become exceedingly important 
in chemical industry. 

At the present time, practically all carbonization is carried 
out at relatively high temperatures. Recently, however, par- 
ticularly in countries where a shortage of smokeless and liquid 
fuels exists, a great deal of attention has been paid to low-tem- 
perature carbonization. This process has for its object the 
production of a smokeless solid fuel from high-volatile coals, 
obtaining simultaneously the maximum yield of liquidfuel. Since 
most low temperature processes yield a high B.t.u. gas, low tem- 
perature carbonization may offer an attractive method of gas 
enrichment. Complete gasification of coal, in which coal is 
coked by the sensible heat of producer gas in the top of a special 
type of gas producer, and the resultant hot coke converted into 
producer or water gas in the lower part of the same apparatus, 
also has been receiving considerable attention. This process 
allows the recovery of a portion of the liquid by-products and 
ammonia. 

This chapter deals with the mechanism of carbonization as 
applying to coke ovens and gas retorts, takes up fundamental 
considerations in carbonization for coke production and for gas 
manufacture, and includes descriptions of various types of 
carbonization equipment. Our knowledge of the composition 

646 


oe CARBONIZATION OF COAL 647 


of coals, already discussed in Chap. II, is reviewed briefly in 
the light of the application of this knowledge to the carbonization 
process. Low-temperature carbonization and complete gasifica- 
tion of coal, although still more or less in the experimental stage, 
are discussed on account of their probable future industrial 
importance. 

Importance of Carbonization.—When it is realized that nearly 
one-seventh of all the coal mined in the United States goes to 
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form metallurgical coke, that the metallurgical industries of the 
United States consume annually in the neighborhood of 50,000,- 
000 tons of this fuel, and that about one-third of the gas distrib- 
uted through city mains is coal gas, it becomes evident that 
coal carbonization is one of the most important industries. 

It is well known that the activity of the iron and steel industry 
is an excellent barometer of business conditions in general. The 
close parallelism between the production of coke and the produc- 
tion of iron and steel is shown! by Fig. 247, the interrelation 
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between pig iron and coke production being clearly marked. In 
addition to bringing out the close relation between coke production 
and industrial activity, Fig. 247 also emphasizes the growth in 
coke production from 1900 to 1923—an increase from slightly 
over 20,000,000 tons in 1900 to over 50,000,000 tons per annum 
during the period from 1916 to 1918, and in 1923 an even greater 
coke output than at the war-time peak. 
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The gas industry, although carbonizing less coal than the 
metallurgical coke industry, directly affects a large proportion 
of the community, furnishing as it does the gas used for cooking, 
heating, and lighting. The amounts of manufactured gases 
distributed by public utilities in the United States, over the 
period from 1905 to 1923, and the proportions of the different 
gases going to make up the total are shown? in Fig. 248. The 
tremendous growth of the industry, from slightly over 100,000,- 
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000,000 cu. ft. in 1905 to over 400,000,000,000 cu. ft. in 1924, and 
the large amount of coal gas and mixed coal gas and water gas 
sold during this period of expansion, indicate the important 
part played by carbonization in the gas industry. In the future, 
as the many advantages of gaseous fuels cause their adoption in 
domestic and industrial heating to an increasing extent, it is 
probable that as much (if not more) coal will be carbonized for 
gas-making and domestic coke purposes as for the production of 
metallurgical coke. 

In addition to the gas made and the coke produced for metal- 
lurgical purposes, both the gas and the coke industries are the 
source of highly important by-products. Most of our supplies 
of ammonia come from the carbonization of coal, although in 
the future, atmospheric nitrogen fixation processes will be direct 
competitors. Practically all the benzols (benzol, solvent naph- 
tha, etc.), naphthalene, and the coal-tar products like anthracene, 
etc., from which are manufactured high explosives and dyes, 
are derived from carbonizing plants, and these by-products are 
a significant source of revenue to the industry. Tar, already . 
important as a source of by-products, road materials, and roof- 
ing materials, also is being widely adopted as a liquid fuel in 
steel plants and in other industries which produce their own coke. 

Scientific coal carbonization, since it conserves the tar, ammonia 
and other valuable by-products, and produces higher-grade fuels, 
must be regarded as a factor in fuel conservation. It has been 
said, for example, that the use of raw coal as a fuel ought to be, 
and some day probably will be, prohibited by law. This is doubt- 
ful, however, since there are many purposes where carboniza- 
tion can show no substantial advantage. For some purposes, 
such as domestic heating, considerable fuel economy can result 
from the substitution of gas for coal. It is in fields of this nature, 
as well as in industrial furnaces where gas gives improved quality 
of finished product, that the adoption of gas (and therefore 
carbonization) may become an important fuel-conservation 
measure. 

Development of Carbonization.—The practice of carbonizing 
coal in order to produce metallurgical coke, although known in 
the latter part of the sixteenth century, was not utilized on any 
large scale until about 1730. The second type of carbonization, 
with coal gas as the desired product, was instituted in 1792 by 
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Murdoch in England. In the early stages of the development of 
these two processes, they were considered fundamentally differ- 
ent, and this idea persisted until relatively recent years. 

In the first attempts to produce metallurgical coke, the 
methods employed were those which had previously been used 
in the manufacture of charcoal. The coal was coked in earth- 
covered heaps, the combustion of part of the coal furnishing 
the necessary heat. This practice gradually gave way to bee- 
hive coking, in which a charge of coal is carbonized to a strong 
coke in a dome-shaped brick oven. In this process, as in the 
earlier earth-covered heaps, or meilers, the combustion of most of 
the volatile matter and part of the coal itself furnishes the heat 
necessary for carbonization. The first by-product coke ovens 
were constructed by Knab in France about 1856, and since that 
time, first in Europe and later in the United States, the trend has 
been away from the wasteful beehive ovens and toward the type 
of equipment in which the by-products are saved. The earlier 
by-product ovens, although recovering the by-products from the 

- gas, required practically the entire output of gas for heating the 
carbonization ovens themselves. With the adoption of regenera- 
tion and recuperation, and with modern ovens, only from 35 to 
AO per cent of the coal gas must be burned to supply the heat 
needed for carbonization, and the remainder is available for dis- 
tribution through city mains or to meet other fuel requirements 
around the plant. Thus, although the developments in the metal- 
lurgical coke industry have been directed primarily toward the 
production of better coke, progress also has been made along the 
lines of more complete recovery of by-products and conservation 
of the coal gas given off during carbonization. 

In the early stages, the manufactured-gas industry desired as 
high a yield of rich gas as possible and the quality of coke pro- 
duced was considered to be of little importance. The first use 
of coal gas was for illuminating purposes, and gas standards 
were drawn up on the basis of candlepower requirements. To 
produce a gas of the required standards, gas plants were forced 
to use high-volatile coals which would give the maximum yields 
of rich gas. These coals, moreover, in order to give the requis- 
ite yields quickly, were heated rapidly and this dictated the 
use of shallow, low-capacity retorts. Murdoch, in his first 
plant, built in the early part of the nineteenth century, used cast- 
iron pots, but these were soon superseded by horizontal iron 
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retorts. These, in turn, were displaced by the Q shaped fire- 
clay retorts still so widely in use. With the development of 
the Welsbach mantle, however, and with the consequent reduc- 
tion in illuminating power and heating-value standards, the 
trend was toward the larger inclined retort and finally to the pres- 
ent-day vertical retorts together with by-product ovens similar 
to those used in the metallurgical coke industry. Practically all 
the new large construction going on at the present time is of one 
of the latter two types. Thus, the gas industry, although believ- 
ing in the early days of the art that satisfactory gas making and 
coke manufacture could not be carried out in the same plant, is 
gradually adopting the carbonization equipment in which both 
processes are possible. The coke oven, producing as good 
quality of gas as is made in retorts, operates with less labor cost, 
and produces coke of the highest quality. The type of coke is 
highly important, even in a plant primarily engaged in gas manu- 
facture, because coke sales may be, and oftentimes are, as great a 
source of revenue as the gas distributed through the city mains. 

It is evident from this discussion that the gas and the coke 
industry gradually are merging as far as equipment requirements 
are concerned, and that the tendency is toward the same type 
of plant for both branches. 


THE MECHANISM OF CARBONIZATION 


Carbonization is essentially a distillation of the volatile matter 
of coal and, consequently, an understanding of the steps in the 
process and of the effect of various factors, on the resultant coke 
and coal gas, is of great importance. The subsequent discussion 
of the mechanism of carbonization outlines the essential charac- 
teristics of coals for carbonization, describes the progress of 
carbonization as it takes place in the coke oven or retort, and 
points out the effect of numerous variables. 

Essential Characteristics of Coals for Carbonization.—As 
already pointed out in Chaps. II and III, certain coals soften or 
melt on heating, give off volatile matter, and finally solidify into 
a solid cake, leaving a hard, cellular, coherent mass on further 
heating. The kind of coke left, the degree of fusion, the amount 
of gas evolved, the porosity and strength of the resultant coke— 
all depend to a large extent on the coal used. The purpose for 
which carbonization is carried out, and economic factors, such 
as the price and availability, determine the coal selected. Coals 
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giving the best metallurgical coke in by-product ovens are not 
necessarily the coals best suited for the production of manu- 
factured gas, though the simultaneous production of city gas 
and metallurgical coke is being carried out in a number of 
instances. 

The chemical analysis of a coal (see Chap. IL) does not give 
a definite indication as to its coking quality. Certain ratios, 
however, such as the ratio of hydrogen to oxygen proposed by 
White (this is discussed in Chap. II, p. 44), may be applied to 
obtain a preliminary idea of the value of a coal for carbonization 
purposes. According to the ‘Coal Catalog,’’® coals for by-prod- 
uct coking and for gas manufacturing purposes should be able 
to meet the following conditions: 


Ganeitaant Coals for by-product |Coals for gas making, per 
coking, per cent cent 

Volatile matter...... 15-38* 32-37 
ABS came ghdaa cyt eu orte 4-8 6-8 
ultimo cesta ONGtmmore shen leas Not more than 1.25 
NOS DUO TUS sey aa Not more than 0.02 
(Gast yicld whe eras || eee eee eee eae 10,000-12,000 cu. ft. per ton 
(Golceryieldi: wh veer hooker cee aber rets eros 65-70 


* This range provides for mixing. 


No analytical method derived thus far, however, can be relied 
upon, and in spite of the valuable indications that can be obtained 
in the laboratory from small-scale coking tests, the only satis- 
factory method of determination is to coké a considerable quan- 
tity of the coal in the actual oven or retort and carefully interpret 
the results obtained. 

Several laboratory methods‘ have been devised for determining 
readily the quality of coke which may be produced from a 
given coal. These methods usually consist of coking the coal 
when mixed with varying proportions of sand or anthracite, 
and observing the properties of the resultant coke. The greater 
the fraction of sand or anthracite that can be mixed with the 
coal, and still produce a coherent coke, the better the coking 
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quality is supposed to be. Conclusions from such tests, like 
deductions based solely on analyses, should be viewed with 
caution, since the conditions prevailing during the small-scale 
test (such as rate of coking, temperature, etc.) vary so widely 
from actual operating conditions that misleading results are 
quite possible. 

As pointed out in Chap. II, considerable information relative 
to the coking characteristics of coals has been obtained in the 
various researches on coal constitution. Thus, Wheeler, Iling- 
worth, and other English workers in the field of solvent extraction 
have found that the gamma (7) compounds, portions of the coal 
soluble in both pyridine and chloroform, are well fused and coked 
on heating, and that coals deficient in these compounds do not 
yield a satisfactory coke. Fischer and his co-workers in Ger- 
many have had pronounced success with the extraction of coal 
with benzol at high pressures and relatively high temperatures. 
The benzol-soluble extract of coal contains the compound re- 
sponsible for the coking characteristics (7.e., similar to the y 
compounds). The compounds soluble in benzol (called bitumens), 
when further treated with petroleum ether, are separated into. a 
soluble oily substance (supposed to impart the cementing prop- 
erties to the coke), and a hard waxy residue (to whichis attributed 
the swelling of the coal during carbonization). It is interesting to 
note that, even though a coal loses its coking properties on 
extraction, if the extracted material is again added to the coal its 
original behavior on coking is restored. 

These compounds, on which the coking property depends, 
in addition to being present in the proper amounts, must also 
be of such constitution that they melt below the temperature 
at which their decomposition takes place.’ If this condition is 
not met, the bonding constituents will distill off, leaving a gran- 
ular, non-coherent, unsatisfactory coke. Furthermore, if the 
cementing substances are present in large amount, or if large 
quantities of gases are evolved from them while they are in a 
plastic state, the resultant coke is liable to be light and porous, . 
and the chances for a high degree of swelling are greatly increased .° 
It should also be emphasized that the compounds responsible 
for the coking properties of coal are profoundly altered by oxida- 
tion or weathering, and even a relatively short period of exposure 
to air may be sufficient to impair seriously the quality of the coal 
for coking purposes. 
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To summarize present knowledge of the essential characteris- 
tics of coals for carbonization, * it may be said that a great deal of 
fundamental information has been gained in recent years and 
that a number of general considerations have been quite well 
established. Much work remains to be done, however, and 
although valuable preliminary information as to the behavior 
of a coal on carbonization may be obtained in a number of ways, 
the only entirely satisfactory criterion is the behavior of the coal 
in the full-scale oven or retort in which carbonization is to be 
carried out. 

Effect of Heat on Gas and Coking Coals.—The major researches 
undertaken to determine the effects of heat on coals have been 
discussed in detail in Chap. II. The conclusions from them are 
summarized on page 39. These conclusions outline the order 
of evolution of the volatile matter in coal, and have been aug- 
mented by the following valuable deductions made by Warner.’ 

1. If the removal of volatile matter from coking coal were the 
only consideration, the high heats commonly used in carboniza- 
tion are unnecessary. ‘That is, practically all the volatile matter 
in coal could be driven off below 1050°F. (566°C.), but the neces- 
sary conditions for effecting this (prolonged, slow heating, for 
example) destroy the coking properties. The reasons for high 
temperatures lie in the necessity for producing a special type of 
solid residue and for completing carbonization within a reasonable 
time. 

2. Although the thermal decomposition of tar and other mate- 
rials in the oven or retort increases the gas yield, the increase in 
gas is far from being proportional to the degree of decomposi- 
tion, since carbon is one of the main products of such a 
decomposition. 

3. The less the cracking and the more the distillation of con- 
densible hydrocarbons occurs the less will be the intensity of 
heat required to drive off the volatile matter of coal. In other 
words, considerable heat is absorbed by cracking reactions, and 
if this heat could be conserved it would be possible to decrease 
the amount of heat required for carbonization. 


*In a recent paper, Lesstne [J. Soc. Chem., Ind. 44, 345T (1925)] has 
pointed out the possible importance of the inorganic ash constituents of 
coal. For example, small percentages of aluminum sulfate or iron chloride 
increase the amount of coke residue and the percentage of fixed carbon. 
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4. The less the heat through which the non-condensible hydro- 
carbons must pass in leaving the oven or retort the richer will 
be the gases. In other words, the reactions of thermal decom- 
position or cracking speed up markedly at high temperatures, and 
therefore ‘the lower the temperature or the shorter the time of 
contact between these hydrocarbons and hot coke or the heated 
oven walls the less will be the cracking. High temperatures 
and long time of contact in practice are also responsible for 
troublesome naphthalene deposits. However, a very small 
amount of carbon deposited from the thermal decomposition of 
the gases sometimes will increase greatly the strength and density 
of the resultant coke residue. 

The application of these simple, fundamental considerations 
may be seen from the subsequent discussion of carbonization 
in the oven or retort, and of the effect of various factors on the 
products of coking. 

Progress of Carbonization in the Oven or Retort.—The 
accepted explanation of what takes place when coal is charged 
into a coke oven or retort, and of the progress of carbonization 
in the coking chamber, is substantially as was first postulated* by 
von Hilgenstock.* When coal is placed in the hot oven or 
retort, that portion of the charge in immediate contact with the 
hot walls is heated very rapidly to a high temperature, a thin 
layer softens, becomes plastic, and melts. This layer of plastic 
material (usually called the fusion zone) travels toward the 
center of the ovent as the temperature of the charge is raised. 
In the fusion zone itself (as indicated in Fig. 249) and on either 
side of it destructive distillation of the coal takes place, some 
of the gaseous products forcing their way out of the plastic 
material, thus imparting the cellular structure which appears in 
the final coke. On the wall side of the fusion zone, the plastic 
layer hardens into a cellular residue, and the volatile matter 
left in the coke is driven off gradually (yielding a gas rich in 
hydrogen) as the temperature rises during the remainder of the 
coking period. At the inner face of the fusion zone, as it travels 
away from the hot wall, the relatively cool, raw coal from the 

* For more complete description of the mechanism of carbonization than 
is given here, the reader is referred to VON ScHIEWIND,® SIMMERSBACH,'° 
Coorrr,!! RuEBEL,!2 RamspurG and Sperr,' Sperr,'* O. B. Evans, 
Porter, !¢ KE, V. Evans,!7 Wixson,?® and Ryan." 

+ For purposes of explanation the following discussion pictures the coal 
being coked in a coke oven. 
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center of the charge is melted and coked. Finally, if the heating 
from both sides of the oven or retort has been uniform, the fusion 
zones initially formed at the two walls will meet at the center 
—the line of meeting appearing as a center crack in the coked 
charge. 

The gases evolved from the fusion zone (and the volatile con- 
stituents driven off at each side of it) force their way either to 
the walls of the coking chamber or through the cooler raw coal. 
Thus, in the initial stages of carbonization, the volatile matter 
driven into the center of the charge will have the tar, oils, and 
water condensed out, to be distilled again, as the heat penetrates 
across the oven. The gases forcing their way through the hotter 
wall face of the fusion zone, however, have to pass through 
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Fig. 249.—Process of carbonization in a coke oven—diagrammatic. 


cracks in the coked coal up along the incandescent oven or retort 
walls, and finally through the hot free space above the top of the 
charge. During this passage they are subjected to heat and are 
thermally decomposed. During the latter part of the coking 
period this process is intensified, for the path of the gases becomes 
longer and the coke hotter as the fusion zone travels further from 
the wall. Thus, thermal decomposition becomes more severe 
as coking proceeds, the hydrocarbons of the gas coming from the 
retort become less complex in structure, the gases become richer 
in hydrogen, and the coke becomes silvery-gray in color, due to 
the deposited particles of retort carbon formed by the breaking 
down of the hydrocarbons and tars. As pointed out by Evans,!7 
a knowledge of chemistry does not help very much in the interpre- 
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tation in this picture—in fact, it rather tends to complicate 
matters because the better appreciation of the complexity of 
the reactions is offset by the confusion which results from a 
consideration of the almost limitless range of reactions that 
may take place. 

With this brief explanation of the coking process as back- 
ground, it becomes possible to examine more in detail the rate 
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Fig. 250.—Temperature gradients across a coke oven at different intervals 
during the coking period. 


of travel of the fusion zone, the rate of heat transfer through 
the charge, and to point out the influence of these factors on the 
design of carbonizing equipment. 

Rate of Travel of the Fusion Zone.—F rom the difficulty encoun- 
tered in getting heat to flow into coal rapidly and thus change the 
coal to coke there has arisen a belief that the fusion zone is a very 
poor conductor of heat and that across this zone a large drop 
in temperature occurs during coking. The well known facts 
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apparently correspond to this theory. For example Fig. 250 
shows the temperatures throughout a coke oven at 6, 8, 10, 12 
and 13 hrs. after charging and even at 10 hrs. after starting, or 
considerably more than half way through the coking period, the 
center of the oven is only slightly over 400°F. (204°C.). At the 
tenth hour there is a difference of about 900°F. (500°C.) between 
points of 6.8 and 8.2 inches in from the wall. The fusion zone 
at this time (in the oven studied and with the flue temperatures 
used) lies between these two points and as a result, it would 
naturally be supposed that the drop in temperature was caused 
by a highly resistant fusion zone. Ryan'® has shown that the 
above facts are exactly in accord with what is to be expected 
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Fria. 251.—Time of passage of fusion zone across a by-product coke oven 
as shown by the location of the point of maximum pressure. 


when heat flows through any material of relatively high thermal 
conductivity (such as coke) into any material of low thermal 
conductivity (coal) and that the fusion zone has essentially the 
same thermal conductivity as coal. 

The rate of travel of the fusion zone through an oven or retort 
may be determined conveniently by measurements of the 
pressures developed within the coal at various points as carboni- 
zation progresses. The rapid evolution of the volatile constitu- 
ents of the coal during fusion causes localized high pressures as 
the gases escape from the zone and make their way through the 
coal or coke to the collecting main. This method, substantiated 
by the valuable researches of Foxwell,?° has been used by Ryan?® 
to obtain the type of curves shown in Fig. 251. This figure 
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shows the time ahied for the fusion zones to pass across a 
16.5-in. oven. The time of passage of the fusion zone is indicated 
by time required for maximum pressure to be developed. The 
data given in Fig. 251 were recalculated to show the average 
rates of travel of the fusion zone for each 14 in. across the oven, 
and the results'® plotted in Fig. 252. This figure clearly brings 
out the way in which the fusion zone crosses the oven from the 
two hot walls. 

When a fresh charge of coal is dropped into a hot oven, the 
rate of heating at the wall is extremely high, and as long as the 
fusion zone is near the wall, its rate of travel will be fast because 
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the heat has such a small resistance through which to flow in 
order to reach it. As the fusion zone recedes from the hot wall, 
heat flows into it more slowly because heat is absorbed by the 
coal already coked and by the gases escaping to the foul gas 
main, consequently decreasing the rate of travel. Moreover, 
. during this period while the zone is receiving less heat from the 
wall, it is also being cooled by the absorption of heat by the cold 
charge ahead of it. When the heat wave ahead of the fusion 
zone reaches the center of the oven, it encounters a plane across 
which no heat is transmitted, for, if carbonization has been 
uniform on both sides, just as much heat is reaching this plane 
from one side as from the other. The chilling action of the 
cold coal on the fusion zone, therefore, begins to be checked and 
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as the temperature at the center line rises, this chilling action is 
more and more diminished. Although less heat from the wall 
is flowing into the fusion zone, this is more than compensated 
for by the decrease in chilling action, and the rate of travel 
actually increases again. 

It is interesting to note the effect of increase in oven width on 
the rate of travel of the fusion zone and on the time required 
for coking. Figure 253 illustrates the differences in the charac- 
teristic rate curves for a 16-in. oven (shown with full lines) and 
for a 20-in. oven (shown with dotted lines). The figure is drawn 
as if the 16-in. oven had been split in two and 4 in. additional 
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Fig. 253.—Diagram illustrating the effect of increasing coke-oven width on the 
rate of travel of the fusion zone. 


inserted at the oven center in order to make the oven 20 in. wide. 
In the 20-in. oven the fusion zones would move inward from the 
wall at a steadily decreasing rate, past the previous minimum 
points in the 16-in. oven, and continue on for a distance of 2 in., 
as shown by the curves AB’C’. This means that the additional 
4 in. of oven width are traveled at a rate lower than the minimum 
reached in the 16-in. oven. In other words, the result is to . 
increase the time required for carbonization much more than 
in direct proportion to the increase in oven width. 

After the fusion zone has reached the center of the oven the 
bulk of the volatile constituents have been driven off, and heat 
is being transferred through material of higher conductivity 
than before. As a result of these factors the temperature across 
the oven or retort rapidly becomes uniform, as shown by Fig. 
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250. For example’ 13 hr. after charging the temperature at the 
center of the oven (in the case shown) was only about 200°F. 
(111°C.) lower than the wall temperature, although at the end 
of 12 hr. the center was about 800°F. (444°C.) below the wall 
temperature. It may be concluded, therefore, that the rate of 
travel of the fusion zones is the controlling factor in the rate of 
coking of coal and that the rate of travel of the fusion zone is 
dependent on the rate at which the heat flows through the 
coke into the coal. No large amount of heat is absorbed when 
coal fuses, nor is the fusion zone a large thermal resistance in the 
path of heat flow. The effect of increasing oven width is to 
increase the time required for carbonization out of proportion 
to the increase in capacity. There are other economic factors 
(such as cost of construction, the properties of coke produced, 
etc.) which fix the minimum width of oven, but the maximum 
width is determined by the rate of travel of the fusion zones. 
The trend of American practice is now toward narrower ovens, 
which, by virtue of the increased speed of coking possible in them, 
allow greater outputs and make available a wider range of coals 
for coke manufacture. 

Path of Volatile Products.—The distillation which takes place 
in the fusion zone determines the characteristics of the coke 
formed, while secondary reactions occurring elsewhere to a large 
extent control the nature of the liquid and gaseous products. 
Only slight changes occur in the coke after the passage of the 
fusion zone, while the final gaseous and liquid products differ 
widely from those leaving the distillation zone. Although 
distillation of the gases may take place at only 700 or 800°F. 
(371 or 427°C.), the amount of thermal decomposition of the 
gases may be so great that the products reaching the gas off- 
take more nearly correspond to those which would be distilled 
off at much higher temperatures. Such secondary reactions take 
place during the passage of the volatile products from the fusion 
zone to the outlet of the carbonizing chamber, and it can be seen 
that the path taken (7.e., through hot coke or through raw coal) 
has a decided practical significance. 

Most investigators believe that the major part of the gases pass 
through the hot coke. A thorough consideration of the action 
of the fusion zone as a screen and the large pressure drop across 
it indicates that little or no gas passes through it. Those prod- 
ucts distilling at low temperatures would be expected to pass 
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through the coal side, while the products evolved at the hof-wall 
side of the zone (i.e., at high temperatures) would be expected 
to pass through cracks in the hot coke, and up along the small 
free space formed at the oven walls by the shrinkage of the coking 
charge. Furthermore, all analyses of liquid and gaseous prod- 
ucts from high-temperature carbonization (and the presence of 
retort carbon in the final coke) show excessive decomposition 
of the primary products of distillation. That the gases pass 
through the hot coke, therefore, seems most reasonable, although 
undoubtedly some of the gases (mainly water, oxides of carbon, 
and tar) pass up through the coal. 

Foxwell,”° for example, from measurements of the resistance 
of coal in the plastic state, has calculated the fraction of volatile 
constituents which pass through the coal and coke. His results 
on a Durham coal are shown in Table CXLY. 


TABLE CXLV 


PzZRCENTAGE OF ToTaL GAsES PassING THROUGH UNCOKED PORTION OF 
CHARGE 


(After Foxwell) 


Time after charging, |Height above oven floor, Percentage of total gases 

hours inches passing through coal 
zone 

9 39.4 Nearly all gases pass 

y 100 into coal 

“ 39.4 69.8 
= 100 54.0 
18 39.4 41.8 
ne 100 31.7 
20 39.4 21.6 
100 17.5 


The table shows the large fraction of the total gases that pass 
through the coal during the early part of the coking period, and 
also brings out the fact that, as coking proceeds, more and more 
gas passes through and is partially decomposed by the hot coke. 
Gases given off near the bottom of the oven or retort have a longer 
path of travel (and therefore are cracked more) than gases given 
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off near the top of the charge. This effect is compensated for to 
a certain extent, however, by the fact that a greater percentage 
of the gases given off near the bottom of the oven tends to pass 
through the cooler coal in the center of the charge (see Table 
CXLYV.) The influence of the temperatures to which the gases 
are subjected is discussed more in detail in a later section. 

Changes in Composition during Carbonization.—Both the 
amount and the type of gas obtained vary greatly as carboniza- 
tion proceeds. This is well illustrated by means of thermal 
models, such as have been used by Evans!’ (see Fig. 254). These 
figures are constructed by combining the hourly volume and the 
calorific-value curves, so that the length A in Fig. 254 represents 
the coking time, the height B shows the rate at which the gas is 


Hours 8 3 10 
Fic. 254.—Quantity and heating value of gases evolved during the coking of coal. 


being evolved, and the width C gives the heating value. Just 
after coal is charged into an oven or retort, large quantities of gas 
rich in methane and other hydrocarbons are evolved, and in the 
ease shown in Fig. 254 (typical of gas-retort practice) 5 per cent 
of the total gaseous thermal yield was produced in the first 10 
min. Gradually, the gases are forced to travel over a longer and 
hotter path as more of the coal is coked and the temperature of 
the coked portion is raised. ‘This results in increased thermal 
decomposition of the volatile products; methane and other rich 
hydrocarbons therefore form but a small fraction of the gases 
finally evolved, hydrogen being the chief constituent of the 
lean gases given off at the end of the coking period. 

In view of the importance of the reactions of thermal decom- 
position in carbonization, a number of investigations have been 
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carried out in this field: The results and conclusions from these 
investigations may be summarized* as follows: 

1. The volatile hydrocarbons distilled from the coal break 
down into unsaturated groupings, such as CH, = or CH =, 
which, depending on the temperature and other conditions, may 
combine with each other (to form ring compounds, for example), 
may pick up hydrogen to form saturated hydrocarbons, or may 
further decompose into their elements, Hz and C. 

2. Methane, which is the chief hydrocarbon in coal gas, is 
the most stable of the volatile organic constituents and is not 
decomposed appreciably below 1472°F. (800°C.). Methane, as 
such, may be formed in the early stages of carbonization, but is 
mostly produced by decomposition of higher hydrocarbons. 
Above 1472°F. (800°C.) the decomposition of methane into car- 
bon and hydrogen becomes marked. 

3. Unsaturated hydrocarbons, such as ethylene, are formed by 
the. decomposition of heavier hydrocarbons, the decomposition 
reactions being particularly affected by hot surfaces. Between 
932 and 1472°F. (500 and 800°C.) ethylene tends to produce 
aromatic hydrocarbons, such as benzol. 

4. Hydrogen, although perhaps formed to a limited extent 
from the initial decomposition of the coal itself, mainly results 
from cracking of the hydrocarbons. 

5. Nitrogenous compounds in the coal break down to ammonia, 
HCN, and free nitrogen, although about half the nitrogen in the 
original coal still remains in the final coke. Little ammonia is 
formed below 1000°F. (538°C.) and the most favorable tempera- 
ture range for its formation is probably between 1350 and 1550°F. 
(732 and 843°C.), since above the latter temperature decompo- 
sition into nitrogen and hydrogen becomes rapid. Nitrogen 
appearing in the final coal gas comes from this decomposition and 
from air leakage into the retort. 

6. Sulfur compounds in coal gas result from the partial decom- 
position of organic and pyritic sulfur in the original coal (see 
Chap. II) and all the sulfate sulfur is retained by the coke. 
From 20 to 50 per cent of the total sulfur of the coal is driven 
off by carbonization. In the gas the sulfur is found mainly as 
HS and to a slight extent as CSs, the former existing mostly 
in the early part of carbonization and the latter (formed by the 


* For complete details of the thermal-decomposition reactions the reader 
is referred to Bonn,?? PortTHr, 28 SIMMHRSBACH,!? and Evans.17 
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interaction of H.S eith hot coke) during the second half of the 
coking period. Small traces of such sulfur compounds as thio- 
phene are also formed. 

Effect of Miscellaneous Factors.—In addition to the quality 
of the coal itself and the type of oven or retort used, a number of 
other factors exert a considerable influence on the coking process. 
Among these are the temperature and the pressure in the car- 
bonizing chamber, the rate of coking, the size of the coal particles, 
and the compression of the charge. 

As just shown, the varying temperature during a coking period 
profoundly affects the nature of the volatile constituents given 
off on carbonization. A number of tests?*2417 have been 
carried out to determine the effect of temperature variation over 
the ranges (1600 to 2000°F., or 871 to 1093°C.) commonly 
employed in high-temperature carbonization. These inves- 
tigations showed the following results with increasing tempera- 
tures: | 

1. There is an increase in gas volume per ton of coal carbonized. 

2. There is a decrease in the heating value of the gas. 

3. The thermal yield of gas (7.e., B.t.u. times the cubic feet 
evolved) is increased. 

4. Tar production is decreased. In other words, the gas 
yield is increased at the expense of the tar yield. 

5. The ammonia yield is lowered. 

In addition to these influences, higher temperatures have the 
decided advantage of a more rapid rate of heat transfer and 
therefore a better coking rate with consequent greater capacity 
per retort. There is another advantage of rapid coking which 
is extremely important in low-grade coals. As shown by Warner 
(see p. 654), slow heating destroys the coherency of the resultant 
coke, and, conversely, with higher heats and more rapid coking, 
the bonding material is more efficiently used. With a slow rate 
of heating distillation of the hydrocarbons before thermal 
decomposition is greater than with rapid heating. Conse- 
quently, with rapid heating the amount of volatile carbon is 
less, with the result that more fixed or decomposed carbon is 
available for bonding or cementing purposes. Since the better 
coking coals usually contain excess cementing material, high 
temperatures do not offer any decided advantage in their car- 
bonization (except as regards increased retort capacity), but with 
high temperatures and a rapid rate of coking a strong coke may 


666 FUELS AND THEIR COMBUSTION 


be made from a relatively poor coking coal. The coals of Illinois, 
for example (see Table XXIX, p. 68), contain such a high 
percentage of oxygen that they would not be expected to form 
a good coke under ordinary normal conditions. With the rapid 
coking rates possible in the narrow Becker oven (see p. 681), 
good blast-furnace coke has been made?® on an 11-hr. coking 
time. 

The pressure under which coal is carbonized has considerable 
effect on the quantity and the quality of the products formed. 
It is impossible in practice, however, to maintain any large . 
pressure or vacuum in the retorts, due to the difficulty in keeping 
settings tight at high temperatures. In almost all cases the 
retorts are maintained under a slight vacuum of from 0 to 0.2 
in. of water in order to prevent gas being excessively decom- 
posed in the carbonizing chamber. Even with the slight vacuum 
commonly employed, any leaks in the setting will result in a 
lowering of the heating value of the coal gas produced. _ Leaks 
from the flues will introduce diluent stack gases, and leaks in 
or around the door will admit air, which, if it passes through the 
charge, will give a low B.t.u. producer gas, or, if it goes directly 
into the gas space, will burn the richest constituents of the coal 
gas. 

Influence of Coking Properties of Specific Coals.—The appear- 
ance and other properties of coke vary greatly with coals from 
different localities. Coking coals from the Connellsville district 
in Pennsylvania, for example, yield a dense, hard, lustrous coke, 
while the Westmoreland and Kanawha gas coals yield a light, 
porous, friable coke. These facts form the basis for the wide- 
spread practice of mixing coals prior to carbonization. It is 
well known that a coal which gives a light porous coke on account 
of a high excess of cementing or bonding constituents, if mixed 
with a low-volatile, poor or non-coking material, such as even 
anthracite or coke itself, will yield a denser, stronger coke. 
This method seems to leave numerous small channels through 
which evolved gas can escape, thus, by preventing excessive dis- 
ruption of the plastic layer by gas bubbles entrapped during the 
plastic stage, reducing the swelling of the charge. The practice 
of mixing coke or other non-coking material has not yet been 
employed to any extent on a commercial scale. 

American coke-oven operators for many years have mixed 
high- and low-volatile coking coals in order to improve the 
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average quality of ie resultant coke and to make available a 
wider range of coals for coking. In general, where mixing is 
used (depending, of course, on the particular coals being coked) 
from 70 to 90 per cent of high-volatile coal is mixed with from 10 
to 30 per cent of low-volatile coal in order to give a mix having 
about 30 per cent of volatile matter. 

Differences between High- and Low-temperature Carboniza- 
tion.—The previous discussion of the mechanism of carboniza- 
tion has dealt primarily with the process as it is usually carried 
out, namely, with a final temperature of the coked charge of 
from 1800 to 2100°F. (982 to 1149°C.). In low-temperature 
carbonization, on the other hand, the maximum temperatures 
to which the charge is subjected (in most processes) are from 1000 
to 1400°F. (538 to 760°C.) and, as will be evident from the earlier 
part of the chapter, many of the features of the process are 
fundamentally different from those obtaining in high-temperature 
carbonization. 

In the first place, with the low wall temperatures employed in 
low-temperature carbonization, the rate of heat transfer is very 
slow, and the cementing materials present in the coal are distilled 
off, leaving a relatively non-coherent, granular coke. The low 
rate of heat transfer also necessitates either a very thin coal 
charge, agitation of the coking mass, or contact with hot gases in 
order to obtain reasonable capacity from the retorts. Oversize 
retorts must be provided, since there is considerable tendency 
for swelling. 

In low-temperature carbonization, the volatile hydrocarbons 
distilled out of the coal are not subjected to high temperatures 
in passing through the coke or up along the retort walls, and, 
consequently, they are decomposed thermally only to a very 
small extent. The products?®?’ of carbonization, therefore, as 
shown by Table CXLVI, differ markedly from those obtained 
at higher temperatures, not only in quantity but in quality as 
well. The coked residue from low-temperature processes, 
representing from 75 to 80 per cent of the weight of coal charged, 
is friable and porous, and contains from 7 to 15 per cent volatile 
matter. Such coke ignites easily, however, and burns without 
smoke. The gas yield is low—only from 4000 to 6000 cu. ft. 
per ton of coal carbonized—but, owing to the small degree of 
thermal decomposition of the hydrocarbons, it is of much higher 
heating value than ordinary coal gas. Although ammonia 
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TABLE CXLVI 


CoMPARISON oF Propucts FRoM HiGcH- AND LOW-TEMPERATURE 


CARBONIZATION 


High- Low- 
Product temperature | temperature 
carbonization | carbonization 


Coke: 
letoubatelesforere MOO Moy Ger be 65-75 75-80 
Per cent volatile matter..-.....:.-.....- 1-3 7-15 
Gas: 
Cubic feet per ton. di sbates ot. ae. 54110 /000=13; 000) "4; 00056; COG 
B.t.u. per cu. ft.. seisad eek Ay 530-600 700-900 
Light oil and tar, gallons per oe yar aha 10-17 20-40 
Ammonium sulfate, pounds per ton........ 24-26 12-15 


production is less, high yields of tar and liquid fuels are obtained; 
these differ greatly in composition from the products of high- 
temperature carbonization, and consist largely of phenols 
and paraffin hydrocarbons. 

General Considerations in Carbonization for Coke Production. 
Although by-product coke ovens can be and are used for gas 
manufacture as well as for the production of metallurgical coke, 
and although the trend of modern practice is toward the same 
general type of equipment for each case, nevertheless there are 
certain important differences between the underlying require- 
ments of the two industries. The by-product coke ovens, built 
in conjunction with a steel plant, have as their main object the 
economical production of the highest grade of coke. In this case 
the by-products, including the surplus of gas above that neces- 
sary for heating the ovens, are disposed of in a way to bring the 
cost of coke production as low as possible. The surplus gas, if 
the oven battery is near a large city, may be sold to public utili- 
ties, and distributed through city mains. Otherwise, the gas is 
used around the mill itself, to meet the fuel requirements of open- 
hearth furnaces, soaking pits, reheating furnaces, or under boilers. 
Under these conditions, since the gas quality need not be so 
rigidly controlled as in the gas industry, it may be advisable to 
sacrifice the heating value of the gas to enhance the value of the 
main product, coke. Jor example, with certain coals high tem- 
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peratures may be fecessary to produce a satisfactory grade of 
coke for a blast furnace, and the higher temperatures may result 
in an appreciably leaner gas. The sacrifice in gas quality is 
justified if the overall cost of manufacture is decreased (in this 
case perhaps by making a cheaper local coal available for coking 
purposes). 

In any event, in the metallurgical coke plant the factors influ- 
encing the type of coke are judged most important, and close 
supervision is kept over the coking time, the structure, and the 
properties, physical and chemical, of the resultant coke. 

General Considerations in Carbonization for Gas Manufacture. 
Although the by-product oven and the beehive oven are the 
only forms of carbonization equipment which will produce satis- 
factory metallurgical coke, several other types of apparatus, 
such as the vertical and horizontal retort, become available when 
the production of gas is the prime consideration. In the manu- 
factured-gas industry, a gas meeting strict legal standards must 
be made at all times, and the quality of coke and by-products 
may fluctuate to a certain extent. This does not mean that 
coke quality is unimportant, nor that its characteristics must not 
be controlled carefully, but rather that a different type of coke 
from that required in metallurgical work can be used for the pur- 
poses for which gas-works coke is used (for domestic heating and 
for water-gas manufacture). 

The cost of gas in the holder and flexibility in operation are the 
factors of prime importance in the gas industry. To keep the 
cost low, gas must be conserved around the plant, and there must 
be a ready market for coke. Thus, although part of the gas from 
metallurgical coke ovens is used to heat the carbonizing chambers, 
in the gas industry coal gas for this purpose is largely replaced 
by producer gas. With regard to the coke market, it has already 
been pointed out that coke sales often represent as important 
a source of revenue as the gas actually sent through city 
mains. Until recently, however, many plants were to a certain 
extent independent of the coke market, since practically the whole 
coke output could be used in the plant as a water-gas fuel. ‘The 
great flexibility of the water-gas process has a decided advantage 
for meeting peak-load conditions, but, due to its lower thermal 
efficiency (as compared with bulk carbonization) and to the 
certainty of increased prices of the oil used for enrichment, 
the trend is more and more toward carbonization. Water-gas 
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equipment is low in first cost, however, and, on account of the 
flexibility, blue water gas and carburetted water gas will prob- 
ably continue to be used to carry peak loads, even though the 
gas itself may be somewhat more expensive. The expansion of 
carbonization in city gas manufacture depends on the develop- 
ment of the domestic market for coke or on some process for the 
complete gasification of coal. That the use of coke for domestic | 
heating has progressed materially in certain localities is evidenced 
by the fact that some gas plants are finding it profitable to sell 
their own coke for domestic consumption and to purchase the 
necessary fuel for water-gas generators from other sources. 

In deciding on the type of equipment, whether horizontal or 
vertical retorts, or by-product ovens, it is necessary to investigate 
carefully the markets and the market prices of all the products— 
gas, coke, ammonia, and tar—and to balance the revenue obtain- 
able from the yields of these products against the first cost, fixed 
charges, and operating costs on each type of equipment. 

Considerations in Low-temperature Carbonization.—Low- 
temperature carbonization undoubtedly will become of impor- 
tance in the future, in spite of the relatively small degree of 
commercial success attained thus far by this method, both in 
Europe and in the United States, and it must be realized that 
low-temperature carbonization has not yet grown entirely out 
of the experimental stages. 

The widespread adoption of this type of carbonization depends 
on the reduction of equipment and operating costs to a point 
which is at least on a par with those of the present high-tempera- 
ture processes, and on the opening up of new markets for the 
special form of by-products obtained. A comparison of costs 
and returns in coal carbonization at both low and high tempera- 
tures, as drawn up by Porter,?® is shown in Table CXLVII. 

Thus, with the present prices obtainable for by-products, low- 
temperature processes have to operate with a smaller margin 
of profit than the modern high-temperature methods. With 
the depletion of our best seams of anthracite, and the consequent 
increased demand for a free-burning, smokeless domestic fuel, 
with the discovery of new fields for the application of low- 
temperature tars and oils, with higher yields of gas, and by 
utilizing the lower grades of coal, it seems probable that low- 
temperature carbonization may attain a sound economic footing. 
Low-temperature carbonization offers a possible method of pro- 
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Costs AND Rrerurns IN Coan CarBoNIZATION 


(Based on 1 Ib. coal) 
a a .. e 


High- Low- 
temperature} temperature 
process, process, 
cents cents 
Costs: 
Crovulltncs day olerd (60 y sae ee ee ee a 0.250 0.250 
Conversion expense, fixed charges, ete........ See below | See below 
Returns: 
Co Kerb SOupCia tO: samen. coe 4 oct. Ris ta. 0 0.174 0.204 
Gaseunorcts perl 00 000M8 tare 2. 2. te ee 0.165 0.090 
Tar and oils at 5 and 6 cts. per gallon........ 0.030 0.072 
Motor fuel at 20 cts:..per gal...........00.... 0.026 0.026 
Ammonia at 3 cts. per Ib. sulfate............ 0.0388 0.012 
0.433 0.404 
Balance, available for conversion costs, fixed 
Ciarres ald pVOitnen ane 2 | teere eset eee = 0.183 0.154 


ducing a high B.t.u. gas, of high density, which will be of increas- 
ing value to gas companies as the advancing price of oil makes 
the enrichment of water gas uneconomical. 


CARBONIZATION EQUIPMENT 


The types cf equipment used for coal carbonization consist of: 
(1) beehive coke ovens, applicable only for the manufacture of 
metallurgical coke; (2) by-product coke ovens, which may be 
used for the simultaneous production of metallurgical coke and 
city gas; and (3) the retorts used primarily in the manufactured- 
gas industry, prominent among which are continuous vertical 
retorts, intermittent vertical retorts, and the familiar D-type 
retorts. 

The relative sizes and shapes of these ovens and retorts for 
carbonizing coal according to Porter are shown” in Fig. 255, and 
general data concerning them are collected*° in Table CXLVIII 
in order that the relationships between the various types may be 
kept in mind during the subsequent descriptions of individual 
retorts. 
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Fie. 255.—Comparison of dimensions and charges of different ovens and retorts 
for carbonizing coal plans and elevations. 
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¢ 
TABLE CXLVIII 


ComPaRATIVE Data ON VARIOUS CARBONIZING PROCESSES 
eR we eg ee 


Bee Ry. Sak Horizontal 
hiss orodactk Vertical gas retort 
coke coke es 
oven oven eenenty 
Oldt | Newt 
(Conleharse, tanks. 2. 6.5. sesacns «as cck . eaes 6.5 12:0 0.85 0.23) 0.85 
Coking period, horas. ...-..< ca. si iencscs. |” 48—72 11-18 11 4 6 
Gas made perthr. 1000%eu! ft..) 27...2 ao et 7.3-12 0.87 (Oday ula toyes 
Coking velocity, inches per hr............... 0.5 0.6 Gar ibaal 1.0 
Heated wall area, square feet... . ae eC che Seah 795 97 53 130 
Wall area per 1000 cu. ft. gas per hr.........] ..... 105 112 82 80 
Volume of charge, cubic feet......... ae 290 472 85.5 9.4 | 34.5 
Depth of charge, feet................ 22 8.5 15.5 O25 0.82 
Open space above charge, cubic feet SRA dh oatare 83.3 5.2 1023) | olor 
Open space per 1000 cu. ft. gas per hr sat ee de as 10.0 6.0 15.8 6.4 
Approximate temperature in free space, de- 
PERSON MIP TEN Gh). ore See kainic sis 6 site Ieee wuss cars| CS 1750 1450 2100 | 1900 
Approximate time of gas contact with free 
SACRE RECONIGE fc a clshaceiela nies: a ie TT spell saute 39 2155 58 23 


* U.G.I. intermittent type, 1814 ft. long, 12- by 22-in. top, 18- by 30-in. bottom, filled 
within 3 ft. of top. i 

t+ Old “‘stop-end” type, 15 by 26 in. by 9 ft., charged to 6-in. depth. 

t Modern “‘through”’ type, 15 by 26 in. by 20 ft. charged to 10-in. depth. 


The characteristics of these types of equipment,§ as well as 
descriptions of some of the processes for low-temperature car- 
bonization and complete gasification, are given below. 

Beehive Coke Ovens.—In the ordinary type of beehive coke 
ovens (shown in Fig. 256) coal is charged through a door in the 
top and leveled to a height of approximately 2 ft. Air is admit- 
ted through the door at the side for the combustion of the volatile 
products in the dome-shaped space above the coal bed. The 
heat thus generated serves to keep the brickwork hot and radia- 
tion therefrom assists in coking the coal. Additional heat is 
available for this purpose from the actual combustion of a portion 
of the fixed carbon in the coal. 

After the oven has been in continuous operation for some time, 
the heat retained by the walls and surrounding materials is 


§ It is beyond the scope of a work of this kind to attempt the description 
of all the types of ovens and retorts used. This chapter describes only those 
ovens and retorts which are of major importance in current American prac- 
tice. For descriptions of equipment not discussed here, see references 14, 
16, and 31 to 37 in the Bibliography. 
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_ sufficient to heat the coke to between 575 and 750°F. (302 to 
400°C.), when the actual evolution of combustible gas takes 
place. The gas comes out slowly at first and then more rapidly 
as the temperature rises. After afew hours the gas is of sufficient 
quantity and quality to maintain a continuous fire with the air 
admitted above the charge. The whole retort gradually becomes 
hotter until after a period of two or three days the entire content 
of volatile matter is expelled. The coke is then quenched inside 
the oven and raked out through the door at the side. This 
process is evidently wasteful, the only recoverable product being 
coke, and from 10 to 15 per cent of this is usually consumed by 
the air admitted to the coking chamber. 

The more modern types of beehive oven are arranged in double 
rows with doors on opposite sides for unloading. The loading 
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Fie. 256.—Typical beehive coke oven. 


tracks usually are constructed on the earth mound between the 
two banks of ovens, so that the retort does not have to with- 
stand the strain. The oven itself is usually from 12 to 13 ft. in 
diameter and 6 to 8 ft. high. The walls and the bottom of the 
oven are constructed of fire brick, while silica brick is generally 
used for the dome. 

Among the most important improvements in the beehive oven 
is the use of the hot gases for heating the bottom of the oven 
and for the generation of steam in boilers. The temperature of 
the gases leaving the ovens in most cases is in the neighborhood 
of 2000°F. (1093°C.), and the steam generation by the use of 
wasto-heat boilers?® may be as high as 1 to 2 Ib. of water per lb. 
of coal carbonized. Even with the recovery of this heat, how- 
ever, the beehive oven still loses a very valuable portion of its 
by-products and is extremely inefficient. Except for the low 
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first cost and the fact that blast-furnace men considered beehive 
coke tremendously superior to by-product coke, the beehive 
oven would long since have disappeared. 

As may be seen from! Fig. 257, the wasteful beehive oven is 
- rapidly being replaced with the more efficient by-product type. 
From only about 5 per cent of the total United States production 
in 1900, the percentage of by-product coke has increased until 
in 1924 it represented about 78 per cent of the total. The time 
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Fig. 257.—Percentages of coke produced in beehive and in by-product coke 
ovens in the United States. 


is not far distant when the beehive ovens will be practically 
eliminated from the carbonization field, and they are rapidly 
becoming more and more an auxiliary source of supply, to be 
called on only in boom times when by-product oven capacity 
is insufficient to meet the coke demand. 

By-product Ovens.—The modern by-product oven is essen- 
tially a long, narrow, rectangular chamber, filled with coal and 
heated from without by gas passing through flues in the sides 
of the oven. For metallurgical coke this chamber may be 30 
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to 40 ft. long, 11 to 22 in. wide, and 6 to 1314 ft. high. Coal is 
charged through a series of holes in the top of the oven and the 
coke discharged by means of a ram or pusher, ejecting the 
coke from the end of the oven. The oven is tapered from the 
pusher to the coke (discharge) side in order to increase the ease . 
of pushing. 

In general, the materials of construction are the same in almost 
all ovens. A highly siliceous brick is used for the oven linings 
and the flues. British. manufacturers prefer a brick containing 
80 per cent SiO» and 14 per cent Al,O;, while American practice 
is to use a brick containing 92 to 96 per cent SiO». because of 
its higher heat conductivity and greater durability. 

The fundamental difference between the various types of by- 
product ovens lies in the method of heating and heat recovery. 
A division can first be made between ovens with vertical and 
horizontal heating flues, and each of these may be further sub- 
divided into waste-heat, recuperative, and regenerative types. 
The waste-heat type is not efficient and has not found favor 
with American operators. The most important types of by- 
product ovens in American and British practice are listed below 
in accordance with this method of classification. 


HorizontTaL Fiun VERTICAL Fiup 
Recuperative: Recuperative: 
Semet-Solvay Otto-Hilgenstock 
Rothberg 
Regenerative: Regenerative: 
Semet-Solvay Otto Hoffman 
Koppers 
Waste-heat: Simon Carvés 
Huessner Coppee 
Simon Carvés Collin 
Bauer 
Piette 
Wilputte 


In order to produce a uniform coke, the rate of heating through- 
out the charge must be the same. Uniformity of heating is the 
aim of all oven designers and superiority in this direction is 
claimed for both vertical- and horizontal-flue types. But the 
temperature must not only be uniform—it must also behigh. The 
heating flues are separated from the coking chamber by a wall of 
brick of relatively low conductivity, so that a high flue tempera- 
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ture (usually in excess of 2000°F., or 1094°C.) must be maintained 
in order to insure rapid heat transfer through this wall. With 
these high temperatures, a large fraction of the heat in the gas is 
not utilizable unless recuperative or regenerative methods are 
employed (see Chap. XI). With the use of these heat-recovery 
methods, the amount of heat available from the combustion of 
the gases is greatly increased and the heat loss up the stack mater- 
ially lessened. When the ovens or retorts are run primarily 
to produce gas, it is advisable to substitute producer gas or water 
gas in place of the coke-oven gas used in most metallurgical coke 
ovens. With the lean producer gas, preheating of both gas and 
air is necessary in order to maintain high efficiency. 

As will be seen from the following description of the important 
ovens, practically all employ the regenerative system of heat 
recovery. 


Fig. 258.—Semet-Solvay standard regenerator coke-oven. 


In all the varied types of retorts the basic design of the oven 
chamber itself is the same. A rectangular chamber, varying 
slightly in length, height, and width, but with the same general 
characteristics, serves as the coal container. The factors which 
affect the actual length and height of the oven are the method of 
construction and the desired capacity of the individual retort. 
The width of the oven is dependent un the type of coal to be 
carbonized and the size of coke required. For poor coal a narrow 
oven is essential, so that the rate of heating may be rapid. With 
a better coal, the rate of heating may be slower and a wider oven 
may be used, producing a larger size coke. 

The Semet-Soluay By-product Coke Oven.—The Semet-Solvay 
oven is the chief exponent of the use of horizontal flues, and was 


678 FUELS AND THEIR COMBUSTION 


the first type of by-product oven built in the United States. A 
longitudinal section through the regenerative oven, showing the 
pusher machine, coal larry, coke car, and the regenerators beneath 
the oven, is shown in Fig. 258. A diagram of the heating system 
of these ovens is shown in Fig. 259. The figure shows the path of 
the gases on ‘‘down draft,’’ or when flowing from the top to the 
bottom of the oven. Air enters from a blower into the waste- 
heat flue, passes through the regenerator, where it is heated to 
1300 to 1500°F. (704 to 816°C.), then up the ‘‘riser”’ into the top 
flue (No. 1). It then passes down through the six side flues into 
the ‘‘sole flue’’ under the oven floor, meeting on the way and burn- 
ing the gas which enters at the five points indicated. All the air 


Fie. 259.—Gas flow in a Semet-Solvay coke oven on the down draft— 
diagrammatic. 


for combustion thus travels through the entire flue system and 
there is considerable excess air at each of the first four burners. 
Complete and rapid combustion, with a high rate of heat transfer 
due to the high gas velocity, is thus assured. After a period of 
15 to 20 min., the air is reversed by a simple manipulation of the 
stack and air-inlet dampers so that ‘‘up-draft’’ combustion takes 
place. The gas need not be reversed, since the direction of 
air flow regulates the direction of combustion and on up draft 
the gases are burnt in the flue above the burner while on down 
draft combustion takes place in the flue below. 

Koppers By-product Coke Oven.—The Koppers by-product 
ovens are of the vertical-flue type and have been adopted in the 
United States more widely than any other make. Koppers ovens 
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are of two general rh Ree (1) the older so-called cross-regenerator 
oven, and (2) the new Becker-type oven. 

A cross-section through the ovens, flues, and regenerators of 
the cross-regenerative type is shown in Fig. 260. The ovens 
are separated from each other by a series of vertical flues and 
have individual regenerators running beneath the ovens parallel 
to the oven axis. There are 30 vertical flues on each side of 
the oven. The fuel gas enters through a special nozzle A, burns 
with preheated air from the regenerators B, passes up through 
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Fiag. 260.—Cross-section through Koppers cross-regenerator coke oven. (The 
Koppers Company.) 

the flue C of half the oven, the products of combustion meet in a 
common horizontal flue D above, and then pass down through 
the flues in the other half of the wall, giving up part of their 
heat as they leave through the regenerator. Reversals, of both 
gas and air (compare with Semet-Solvay ovens, which only 
require reversal of air) take place each half hour. The design 
of the Koppers oven permits the regulation of the fuel-gas and 
air supply to each flue. The fuel-gas supply is regulated by 
the interchangeable nozzle A and the draft or air supply 1s regu- 
lated by the individual damper blocks or “sliding bricks” E. 
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This oven is usually, 


narrower than the older type (an average of 


& 
A cross-section through the Becker-type oven built by the 


Koppers Company is shown in Fig. 261. 
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the oven, cross-over flues (connecting the smaller common flues 


about 14 to 16 in. as compared with 18 to 20 in.) and 
of using a common horizontal top flue extending the length of 


The figures on 
The figures 


are provided. The gas enters 


) 


at F, burns in the flues G on one side of the oven, passes through 


the cross-over flues H, and goes down the flues J on the other 
Divided regenerators, R and R’, are provided, so that when 


Fria. 262.—Gas flow in the Becker-type Koppers coke oven. 
it is advisable to conserve coal gas in the plant preheated pro- 
ducer gas may be used for oven heating. A diagrammatic repre- 


the left indicate the flow in each reversal when producer gas is used. 
on the right indicate the flow when a rich gas is used for oven heating and the air 


alone is preheated. 
E and H’ used in the new type 


side. 
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sentation of the flow of fuel gas and air in the Becker oven is 
shown in Fig. 262. It will be noted that there is another impor- 
tant difference between the older Koppers and the Becker ovens. 
In the Becker type all the flues on one side of the oven are oper- 
ating either with the gases burning as they pass up through the © 
vertical flues, or, when the flow is reversed, they serve to take the 
downward-flowing products of combustion. This means that 
there is very little pressure difference between adjoining fluesand 
the tendency for leakage is, therefore, at a minimum. When pro- 
ducer-gas heating is used (see Fig. 262) one of the regenerators 
serves to preheat air, and one is for producer gas; when the richer 
coke-oven gas is used, the air alone is preheated. This arrange- 
ment allows great flexibility in the coke-oven gas-send-out. 
When coal gas is in great demand, the ovens may be heated 
entirely with producer gas; when the coal gas demand is light, 
the supply of producer gas may be shut off and the heating 
requirements met with coke-oven gas alone. It is evident 
that intermediate adjustments are possible between these two 
extremes, one part of a battery of ovens being heated with coke- 
oven gas, and the remainder using producer gas, blast-furnace 
gas, or blue-water gas. 

The Koppers Company also build a smaller oven for use in 
city gas plants. This type of oven is from 10 to 13 ft. high, 19 
to 24 ft. long, and has an average oven width of 1314 in. These 
ovens are of the Becker type and were designed primarily for 
the smaller gas plants where the gas send-out is relatively low. 

The Wilputte cross-regenerative oven is similar to the Koppers 
type above the level of the oven floor, but differs from the 
Koppers in the construction of regenerators and in the method 
of supplying preheated air. Individual regenerators are supplied 
for each flue, and air under pressure from a blower (as contrasted 
with the natural draft in the Koppers oven) is admitted through 
adjustable openings at the bottom of each regenerator. 

The Roberts by-product ovens, of which a few batteries have 
been built in the United States, differ radically from the 
horizontal- and vertical-flue types just described. In the 
Roberts type, each oven is provided with independent heating 
walls (i.e., two ovens are separated by two heating walls, 
as in the Semet-Solvay ovens). These walls are “flueless,” 
being made up of a special type of staggered checkerbrick. Half 
of the gas and all of the preheated air enter at the top of the 
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heating wall, and burn as the mixture passes downward through 
the checkerbrick. The second half of the fuel gas is admitted 
about 6 ft. below the oven top. The waste gases pass into a 
sole flue at the base of the oven and then are drawn through a 
bus flue into recuperators. There is no reversal in this type of 
oven, since recuperators are employed instead of regenerators. 

Energy Relations in Coke Ovens.—Heat balances on two impor- 
tant types of by-product coke ovens are shown*:3% in Table 
CXLIX. Both sets were operated with coke-oven gas as the 
heating medium. Obviously, the major source of heat input 
is the potential heat in coal, while the major sources of output 


TABLE CXLIX 


Cokr Oven—ToraL Heat BAaLaNcE 


Type of oven 


pene Koppers*® 
Solvay*8 
Nimber obo ves... cdete on. oo ea soe cases 50 106 
Dinanonvoihest« ane cee Meee miee eeu een ae 54 hr. 
SSUEKO Te CORI eetae ss cco isitiaute cnet ores 14,470 
Per cent volatile im coal... nic... oe ee ww 26.0 PAS ie 
Input: 
Potentialbest impCoale: .acemssc4s2-'in seo 92.82* 91.0* 
Somalblenbeat iGO. Scariest et cieie a ae los 0.013 0.01 
Popentia lve aM ae ee peta e nats Mag crovaiel > Tey tL 
Senso levaert Irae ape breed, ip ste pues Wintel > 4 0.013 0.01 
RSIS OMe Ue TT Cle tea retreats eres sy cieire) zl eee pen 0.000 0.00 
Output: 
Potentiaiheste im COKGe. cee ie cnls .s oe nele 61.60 64.50 
Sensiblewheatmmicoke. .aoeeclees cms sleeeles 4.14 Bh P4 
Potentialevest dnsrase mea ar ie + lit 21.04 20.55 
Syriac calc auleyuaish ape Scr ae 6 ammeter oe 1.24 hah) 
eager Ae core Bans Be oes 0.97 0.87 
PovemulalheatUostateeeces nee snarls se os 4.84 4.02 
Senelblennestmatan seeieane etd = ctl Nimans ON22 0.06 
Sensible heat in stack gases............... 1.29 3.30 
Ibatent, heat, 1m stack gases..<.2.4- se enc - 1.03 
Radiation ane COMVveChIOU en. .aeee. ays s 1.19 1.20 
Unaccounted-tor losses. .......5-.. 6.4.5.6. 2.54 0.48 
Per Gent Of gas used Im Ovens.............- 36.5 44.2 
JGHERRENEINOWE) «Aoi bed o cacie Cele Se eaO ne CaaS ae 87.4 89.0 


SNe ee 
* Figures expressed as per cent of total. 
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are potential heat in coke and gas. These values are so large as 
completely to overshadow the losses, and the efficiency of the 
process is very high, 87 to 89 per cent. By omitting the latent 
heat in the raw material and products a sensible-heat balance may 
be set up as in Table CL. 


TABLE .CL 
Coxr OvENS—SENSIBLE-HEAT BALANCE 


Type of ovens 


Semmes Koppers 
Solvay, ‘ 
per cent 
per cent 
Input: 
Sengiblewiea tern coal gee = eee eee 0.18 Oe a 
Sensible heat in gas.............. Eee Onts 0.10 
Sensible heat in air..... ae re, 0.03 0.00 
Potential heatmmygagse 4... eee eee 99.60 99.80 
Output: 
Sensible heat in coke............ Sy OH Ae zt EY 
Sensible heat in gas.......... Wee 2 17. 24 14.5 
Wiser, ain Casita eet re) a 13.50 9.7 
Sensible heat in tar.......... pie 3.08 0.6 
Sensible heat in stack gases............ 17 9T 36.6 
Latent heat in stack gases............... ; 14.30 ie 
Radiation and convection................ 16.66 13.3 
140.45 115.9 
Heat of reaction (B.t.u. per lb.).>.......... 452 210 


A diagrammatic presentation of the sensible-heat distribution 
in the Koppers oven is shown*® in Fig. 263. The same data are 
presented as in Table CL, but the diagram serves to make this 
type of sensible-heat balance more clear. 

In the sensible-heat balance the input is essentially the poten- 
tial heat of the gas used for oven heating. The distribution 
of this heat is of more significance than that of the total potential 
heat of the gas and coal, since little change is made in the latter. 
The losses due to sensible heat in the coke and as sensible heat 
in the stack gases are seen to account for 80 to 90 per cent of the 
heat in the fuel gas. Moreover, in both tests there was a surplus 
of sensible heat in the output, indicating that part of the poten- 
tial heat of the coal has been converted to sensible heat. The 
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difference in the excess observed in the two tests may be due to 
the use of different specific-heat constants, or to the cumulative 
error in all the other measurements, but in all probability it is 
due either to the coal burning by air leakage or else to the oxida- 
tion of the coal by absorbed or entrapped air. This extra heat 
appearing in the sensible-heat balance is called the exothermicity 
of the carbonization process, and has been shown by Davis and 
Place*’ to be dependent largely on the amount of oxygen retained 
in the coal. Under certain conditions (heating in nitrogen) the 
coking reactions themselves were found to be only very slightly 
exothermic. . 


Coa/ Raw Gas 
-24.27 


Radiation 
13.27 


Fuel Gas 
+./0/7+/00.0 


Stack Gas 


frorfe 
Regenerator 
+544 


Fie. 263.—Sensible heat balance on a Koppers coke oven. 


D-type Gas Retorts.—In the early days of the manufactured- 
gas industry, small D-shaped horizontal retorts (capable of 
taking a charge of from 400 to 500 lb.) stopped at one end were 
widely used. These retorts were inefficient, had high operat- 
ing charges, and were subject to excessive naphthalene deposits; 
on account of these disadvantages they have become practically 
obsolete. Newer, larger types of through D-shaped retorts, 
both horizontal and inclined, are subject to the same disadvan- 
tages, though to a lesser degree. They are retained mainly in 
plants which have a relatively small gas send-out and where 
their low first cost and flexibility make it inadvisable to replace 
them with more efficient but costlier equipment. 

A section through a relatively new (1922) installation of hori- 
zontal through D-type retorts at the Lowell (Mass.) Gas Light 
Company is shown in Fig. 264 and is typical of this kind of 
retort setting. The D-shaped silica retorts extend through 
the entire setting, and have a capacity of 1500 to 1800 Ib. of coal 
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per charge. The earbonizing period varies from 8 to 12 hr. 
In this, as in other modern installations, the retorts are mechani- 
cally charged and pushed and therefore labor charges are lower 
than with the old stop-end retorts. 

Primary air is drawn through and preheated by a recuperator 
in the base of the setting. Steam is added in the recuperator, 
is superheated and mixed with the primary air, and the mixture 
passes into the base of a producer, which is fed with hot coke 
from the retorts. The hot producer gas enters a flue beneath 
the bench (over the recuperators), burns with secondary air 
(preheated by passing through the setting, as indicated) up 
around the retorts, and the waste gases are drawn through the 
regenerator. In this particular installation, there are ten retorts 
per bench. 

Inclined retorts, which have the obvious advantages of ease in 
charging and gravity discharge, have been quite widely used. 
Like the horizontal D-type, however, their use is restricted at 
the present time to relatively small or old plants, and most 
new big construction is of the vertical-retort or coke-oven type. 

Vertical Retorts.—Following the adoption of inclined retorts, 
with the attendant ease of charging and pushing, the next step 
in the evolution of carbonizing chambers for gas manufacture 
was the application of vertical retorts. These retorts, which 
may be either intermittent or continuous in operation, permit 
automatic feed and gravity discharge of the finished coke. Both 
of these types effect a considerable saving in labor over the older 
horizontal retorts, and can compete on even terms with the by- 
product coke oven as far as thermal efficiency and recovery of 
by-products are concerned. Although the coke produced cannot 
be used for metallurgical purposes, for a gas company this dis- 
advantage is offset by the great flexibility of the vertical retort. 
As will be shown later, the thermal yield of gas is greatly increased 
by passing steam through the incandescent coke, and vertical 
retorts are particularly adapted for “steaming.” This type of 
retort is small, and therefore possesses the advantages of rapid 
rates of carbonization. Due to the constant movement of coke 
in continuous vertical retorts, and the consequent breaking up of 
the coke formation, coke from these retorts is apt to be of rela- 
tively small size. 

If strongly swelling coals are used in vertical retorts (either 
continuous or intermittent) trouble is experienced due to the 
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charge “hanging up” or sticking in the retorts. Hand poking 
then has to be resorted to in order to remove the charge. The 
exact cause of swelling is not certain, but the best work seems 
to be that of Franz Fischer (see Chap. II, p. 34), who showed 
that swelling occurred if the decomposition temperature of the 
oily bitumen obtained by benzol extraction came within the 
plastic temperature range of the coal. The data® in Table CLI 
for three Pennsylvania gas coals show that swelling seems to 
occur if the coal has a wide plastic range and if the amount of 
gas distilled off during the plastic range is large. Swelling, at 
least with these coals does not seem to be due to the volatile 
matter nor to the a, 8, or y constituents (see Chap. II). 


TABLE CLI 


, SWELLING CHARACTERISTICS OF COAL 


Plastic range Analysis of 
Tem- coal t 
, per cen 
oe Volume constituents 
tr Fusion | Hard- which of gas Per 
ndex tem- ening alli given 
Coal swelling Frida cent 
oe < Si pera- tem- is most | 0% CUT | volatile 
Swe DE tL Cures igen rapid, facts matter 
degrees ture, degrees | Plastic - B * 
Fahren-| degrees | Pahren-| T228® 
heit Fahren- heik 
heit 
Gas coal A...... 6.25) 662 1380 770 201 31.6 |72.9/18 9.1 
Gas coal B...... 4.75 662 960 761 62 35.5 |/70,5)/20.6)°8.9 
Gas coal C...... 4.75 662 8S7 752 51 32.9 |71.1/18 |10.9 


The swelling index was determined by the rise in inches of a 
weighted plunger resting on the coal when the coal was coked 
under standardized conditions. Many of the strongly coking 
coals, such as Connellsville, gave a swelling index of less than 1.0. 
Steaming, probably by causing a more gradual heating of the 
coal, reduces the hanging in continuous vertical retorts. 

Intermittent Vertical Retorts—The U. G. I. system of inter- 
mittent vertical retorts, shown in Fig. 265, is the principal 
exponent of this type in the United States. The retorts, elliptical 
in shape, 10 by 22 in. at the top and 18 by 30 in. at the bottom 
and about 22 ft. long, are set in benches of nine. The retorts 
are charged by gravity from a traveling larry at the top of the 
battery of benches. The coke is discharged by gravity into a 
coke car and is relatively cool, since steam is introduced at the 
bottom of the retorts during the last 114 hr. of the coking period. 
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Benches of these retorts may be provided with a built-in 
producer, or, as for the setting shown in Fig. 265, may receive 
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Fie. 265.—U. G. I. intermittent vertical retorts. Central producer type. 
(U. G. I. Contracting Company.) 


producer gas from a central producer. The producer gas (at a 
temperature of about 1000°F.), from which the major part of the 
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dust has been removed by a dust-catching system, enters a small 
mixing chamber at the base of the setting, where secondary air 
(preheated to about 1600°F. in the recuperators) is admitted. 
The burning gases then pass up around the retorts and the prod- 
ucts of combustion are drawn down through the recuperators 
and pass through a waste-heat boiler to the stack. The retort 
temperatures range from about 2200°F. at the bottom to about 
1650°F. at the top, and therefore the top of the charge is liable 
to be slightly “green.”” The products of combustion leave 
the recuperators at about 1100°F. and their temperature is 
lowered to about 500°F. in passing through the waste-heat 
boiler. 

A heat balance on an installation of these retorts at Rochester, 
N. Y., showed the following results :*! 


TABLE CLII 


Heat BaLANCe ON INTERMITTENT VERTICAL RETORTS 


B.t.u. per lb. | Per cent of 

coal carbon- total heat 
ized input 
Heatimput (to: producers)e asc n eee 1,940 100.0 

Heat output: 

Heat used in carbonizing. . : Poe 1,078 55.5 
Heat utilized in waste-heat bounce ee 304 15.7 
Fleatilost in) producers. « aunmnerenie © 227 11<G 
Heat lost in producer flue........"....... 20 Bey | 
Heat lost in stacke.. sosen 6 cee 312 16.1 


The table shows the large amount of heat recovered in the waste 
heat boilers. 

Continuous Vertical Retorts—In continuous vertical retorts 
coal is fed in by gravity at the top, and coke is continuously 
extracted by mechanical means at the bottom. Manual labor, 
therefore, is at a minimum and operating costs can be kept at a 
low figure. In addition, the gaseous products of carbonization 
(part of which pass up through the cool central core of the charge) 
come in contact with the cold entering coal and are not subjected 
to excessive temperature in the free spaces. This results in a 
rich gas and in high yields of by-products and tar (since thermal 
decomposition is at a minimum). The lower portion of the 
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retort can be cooled te preheating the entering secondary air for 
combustion or by the admission of steam through the charge, and 
the coke, therefore, can be withdrawn from the retort cool enough 
to obviate the necessity for quenching. Although developed and 
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Fia. 266.—Glover-West vertical retorts. (West Gas Improvement Company of 
America.) 

principally used in England, this system of carbonization is being 
adopted in a nuniber of the larger gas plants in the United States. 

The Glover-West system of vertical retorts, shown in Fig. 266, 
uses elliptical retorts (as does the U. G. I. intermittent system) 
which expand toward the bottom and (in the later installa- 
tions?2) flare into a circular chamber where the coke is cooled by 
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the addition of steam. The retorts are set in benches of from 
four to ten with from two to five retorts in a row. Producer gas 
from an open step-grate producer enters the setting through an 
uptake, and passes to a series of horizontal flues or combustion 
chambers around the retorts. Here secondary air, preheated by 
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Fre. 267.— Woodall Duckham continuous vertical retorts. (Isbell-Porter Co.) 


passing across the setting outside the combustion chambers, is 
admitted, and combustion takes place across the setting. The 
waste gases pass up to two horizontal flues at the top of the set- 
ting and out through a waste-heat boiler to the stack. The 
amount of primary air under the producer grate is controlled by 
the stack draft, and the admission of secondary air is controlled 
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by adjustable dampers within the setting. A helical coke extrac- 
tor at the bottom of the retort removes the coke continuously. 

The tops of the retorts are maintained at a lower temperature 
than the bottom, in order to minimize decomposition of the 
hydrocarbon constituents of the coal gas. The through-put 
in this system (as built in the United States) is about 5 tons 
per retort per day. 

The Woodall-Duckham system of continuous verticals, shown 
in Fig. 267, differs markedly from the Glover-West, in that the 
retorts, instead of being elliptical in shape, are built in the form 
of rectangular chambers, tapered toward the bottom to assist 
in the extraction of the finished coke. These retorts, which 
usually are built in benches of two or four, have a capacity of 
about 514 tons of coal per day, though they have been operated 
at capacities as high as 719 tons. The through-put is regulated 
by the speed of a continuous coke extractor at the bottom of 
the retort, the heat, of course, being regulated in accordance 
with the rate of carbonization. 

The hot gas from the producer passes to the top of the setting, 
where secondary air, preheated in the recuperator, is admitted. 
Combustion takes place as the gases travel down through vertical 
flues parallel to the retort walls, and the products of combustion 
are collected in a common flue and pass through the recuperator 
and a waste-heat boiler on their way to the stack. This system 
gives the highest temperatures at the top of the retorts and 
therefore would be expected to cause a greater degree of decom- 
position in the gas than takes place in the Glover-West system, 
in which the top temperatures are lower. The Woodall-Duck- 
ham retorts are larger than the Glover-West, however, and 
therefore higher temperatures are required to force the fusion 
zone through the coal. As indicated in Fig. 267, secondary air 
is admitted through flues near the base of the retorts, and is 
partially preheated there, thus serving to cool the coke before 
extraction. 

In all gas retorts, whether horizontal, inclined, or vertical, a 
dense deposit of carbon collects on the retort walls during car- 
bonization. This deposit not only interferes with heat transfer, 
but also lowers the capacity, and therefore must be removed peri- 
odically. The removal (called ‘“‘scurfing’’) consists in opening 
the retort and allowing the carbon to be consumed by the oxygen 
of the air. In horizontal, inclined, and intermittent vertical 
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retorts, raw coal may be charged as soon as scurfing is complete. 
This is not practicable with continuous retorts, however, and 
after scurfing, continuous verticals are first filled with coke (see 
scurfing coke bunker in Fig. 267) before coal is again charged. 

Steaming in Vertical Retorts—The practice of steaming has 
been an important factor in the development of continuous 
vertical retorts for gas-making purposes. In this process, a 
controlled amount of steam is introduced into the bottom of the 
retort, reacting with the hot coke to form water gas, and to some 
extent furthering the devolatilization of the coke. Since the 
quality and the quantity of the gas, coke, and by-products vary 
considerably with the amount of steam used, a number of tests 
have been conducted to determine the most satisfactory operat- 
ing range. In the most comprehensive of these tests (Gas 
Investigation Committee of the Institution of Gas Engineers**) 
Lanarkshire coal was carbonized in Glover-West retorts with 
amounts of steam varying from 0 to 49.9 per cent of the weight 
of the dry coal. The most important results from these tests 
are summarized in Tables CLIII, CLIV, and CLV. Table 
CLIII gives the results expressed on the basis of the coal used, 
Table CLIV the heat balances on the retorts under the various 
conditions (also expressed on the basis of a unit amount of coal), 
and Table CLV the quantity of additional constituents in the 
gas due to the use of steam. 

From these tables it can be seen that steaming to theextent 
of 50 per cent of the weight of the coal had the following effects: 

1. Increase of gas volume from 10,384 to 21,849 cu. ft. per ton, 
a 110 per cent increase. 

2. Decrease in B.t.u. of gas from 544 to 410, a 24.6 per cent 
decrease. 

3. Increase in thermal yield in the form of gas from 5,649,000 
to 8,958,000 B.t.u., a 59 per cent increase. 

4. Increase in inerts from 9.4 to 17.7 per cent of gas, an 88.5 per 
cent inerease. 

5. Increase in ammonium sulfate from 38.2 to 46.1 lb. per 
ton, a 21 per cent increase. 

6. Increase in tar from 14.6 to 23.7 gal. per ton, a 62 per cent 
increase. 

7. Decrease in coke from 1328 to 1152 lb. per ton, a 14 per cent 
decrease. 
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TABLE CLIII 
ReEsuuts oF STEAMING IN ConTINUOUS VERTICAL RETORTS 
(Per ton coal, dry basis) 
Test | Test | Test | Test | Test 


No. 1] No. 2| No. 3} No. 4| No. 5 


Steam as per cent of coal........... 
Cubic feet of zas 
B.t.u. per cu. ft., gross 
Beis DenCls tie Nets ssh. 
Thermal value of gas (millions 

per ton, gross) 


of B.t.u. 


Drvacoke moons, teetece ae cihecier - 
Satay SA LOTIC Me eee ry eaeise utiles Motes 
Ammonium sulfate equivalent 

24.5 per cent NH3;, pounds 
Heat to setting, millions of Bt.u..... 
Heat required for steam, millions of 

LB RUFAUl lee ek errno CERCA teen ae 
Analysis of gas: 

CO, 


0| 15.0 | 24.6 | 36.6 | 49.9 
10, 384/14, 215/16 , 936/19, 902/21,849 


544| 482! 447| 436| 410 
“4851 431| 401] 393] 368 
5.649| 6.852] 7.570| 8.677| 8.958 
5.036| 6.127] 6.719| 7.821] 8.040 
1,328] 1,295] 1,239] 1,178] 1,152 
PAG OTR Ay AIS S71 ORR ahs a7 
38.2 |39.0 |40.6 [44.6 |46.1 
3.98 | 3.37 -1°3.50°) 3.68 |°3.97 
bse 0.54 | 0.89 | 1.31 | 1.79 
7 ae ans Sea ee 
925 | 182 fs ee 1.6 
Oe 40.87 O19 10,98 11.0 
10.8. 143.8 116.4 (P74 17.9 
28.5 |23.5 |19.0 |16.8 |14.5 
49.5 |49.5 |48.9 |48.8 |48.3 
6.8) e781 9.4° 19.3. 10/1 
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TABLE CLIV 


Errect or STEAMING ON Heat BALANCE OF CONTINUOUS VERTICAL RETORTS 
(Dry basis; heat of combustion of coal carbonized = 100) 


Test Test Test Test Test 

No. 1 No. 2 No. 3 No. 4 No. 5 
Heat in steam....... Nil 1.31 pd GF 3.18 4.35 
Potential heat in coke 65.42 61.62 58.38 55.20 53.32 
Potential heat in gas. 9.26 11.20 11.28 13.76 14.45 
Potential heat in tar. 20.04 23.69 26.52 30.01 31.20 
95.02 96.51 96.18 98.97 97.97 


Less heat in fuel to 
HOCH NS. ataeees bila 11.84 11.65 12.27 12.76 13.82 


Less heat in fuel for 


steam (and total)..| Nil | 11.84] 1.87] 13.52] 3.12] 15.39] 4.53) 17.29) 6.33] 20.05 
83.18 82.99 80.79 81.68 77.92 

Heat used in process 
(plus heat lost)... . 16.82 17.01 19.21 18.32 22.08 

100.0 100.0 100.0 100.0 100.0 

Efficiency of gas pro- 
duction, per cent... 54.37 58.21 57.99 62.09 58.56 

Efficiency of carbon- 
ization, per cent... 83.18 82.99 80.79 81.68 77.92 

TABLE CLV 


Errect or STEAMING ON VOLUMES OF CONSTITUENT GASES 
(Volumes in cubic feet per ton of dry coal) 


Test No. 2 Test No. 3 Test No. 4 Test No. 5 
Test 
Now 1; 
vol- r a ‘ ws 
sepals Vol- | Excess} Vol- | Excess| Vol- | Excess| Vol- | Excess 
i ee umes | over umes | over umes over umes over 
per ton| test 1 | perton] test 1 | perton] test 1 | perton] test 1 
COsne saa: 238 469 241 610 382 | 1,015 787 | 1,442 | 1,214 
(Ce a5 o 239 256 17 305 66 358 119 350 cle | 
Opec e aren 42 85 43 152 110 179 137 218 176 
CORR sui. 1,070 | 1,962 892 | 2,778 | 1,708 | 3,463 | 2,898 | 3,911 | 2,814 
CONE WS ga a. 2,959 | 3,341 382 | 3,218 259 | 3,344 385 | 3,168 209 
Eas oi eo] 0,040) || ¥ 0860 )\ 2,896 | 8,280 | Stat | O71 20) abe Ito Ssosmies de 
UN'S Senter cist 706 | 1,066 360 | 1,592 886 [1,831 | 1,125 | 2,207 | 1,502 


8. An increase in the efficiency of gas production from 54.37 
to 58.56 per cent. : 

9. A decrease in the efficiency of carbonization from 83.18 to 
77.92 per cent. 
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It is also important to note the increased formation of methane 
(CH,) and hydrocarbons (C,,H,,) which greatly increase the heat- 
ing value of the gas (over and above the ‘normal expected”’ 
value, namely, that for a mixture of ordinary coal gas and the 
amount of blue water gas corresponding to the amount of steam 
used). This shows that the use of steam, by cooling the coke and 
increasing the velocity of the gases through it, reduces the tem- 
perature and time of contact sufficiently to lessen greatly the 
degree of thermal decomposition of the gas. The increased 
formation of ammonia is also due to this same effect. 

Although the amount of gas made per ton of coal increased with 
each increase in steam, the actual quantity made per retort 
decreased when more than 36 per cent steam was used, owing to the 
excessive cooling of the lower part of the retort, and the resultant 
slow rate of carbonization. The heating of the lower portion 
of the charge by conduction from the flues is slow, and with too 
high steam rates it is impossible to maintain the proper tempera- 
tures. The low B.t.u. value of the gas and the high percentage 
of inerts when steaming with over 30 per cent indicate that to go 
beyond this amount is not advisable with present methods. The 
point to which steaming should be carried must be determined 
from an economic balance of the relative costs of producing mixed 
gas by internal steaming and by the use of external water-gas 
sets. In current American practice lighter steaming, 10 to 18 
per cent, is used in order that the B.t.u. of the coal gas may not 
be so low that it would be difficult to bring it up to heating-value 
standards by the admixture of a carburetted water gas. This 
limitation can be counteracted to a certain extent by the admission 
of oil to the top of the retort, with consequent enrichment of the 
coal gas. 

The practice of steaming not only gives the increased yields 
indicated above, but also possesses the following additional 
advantages: 

1. There is greater flexibility in coke production and in the 
quality and quantity of gas made. 

2. Carbon deposition is decreased and the time for scurfing is 
therefore lessened. 

It is interesting to note‘? that all modern installations of 
Koppers ovens for gas manufacture are being designed to permit 
steaming during the latter part of the coking period. 
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Low-temperature Carbonization Equipment.*—The retorts 
for carbonization at low temperatures may be divided into two 
main classes, externally heated and internally heated. Hach 
has a number of advantages and each is still in the process of 
development. The great objection to the use of the ordinary 
coke oven for low-temperature work is the long coking time, due 
to the slow rate of heat flow through the coal mass at low-tem- 
perature differentials. In low-temperature carbonization, as 
previously brought out, only small driving temperatures can be 
employed, and therefore one or more of the following methods 
are adopted: 

1. Mechanical agitation, in order to transfer heat by carrying 
hot coal into the cool part of the retort and the cool coal into the 
hot portion. 

2. Internal heating with flue gas or other inert gas, thus 
rendering unnecessary the transfer of heat through the low 
conductivity coal. 

3. The use of thin layers, so that the fusion zone has to travel 
over a short distance only, and therefore the time required is 
not excessive. 

Certain low-temperature methods, particularly those in which 
the coal is heated slowly, or is slightly oxidized, destroy the cok- 
ing properties, and therefore yield a friable coke. Under these 
circumstances the coke must be briquetted before it is sold for 
domestic heating. 

The subsequent brief summaryy indicates the major develop- 
ments in low-temperature carbonization processes according 
to the most recent information available. 

In the low-temperature process developed by Prof. S. W. Parr 
at the University of Illinois, two stages are used: The coal is 
first treated in a revolving drum heater, raised to a temperature 
of about 500°F. (7.e., just below the fusion point), and then 
quickly transferred (in order to conserve the sensible heat and 
prevent excessive oxidation) to an externally heated vertical 

* Tt is neither possible nor advisable in a work of this kind to go into the 
details of the various types of retorts and processes for low-temperature 
carbonization. Changes in the various processes and the development of 
new types would make such discussion obsolete in a very short time. 
The various processes are described in references 16, 35, 45, and 46, of the 
Bibliography. 


+ Mainly based on statements made by Porrer?’ (March, 1925) and 
Fisutpner,** July, 1925. 
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retort in which oleae is completed. The maximum temperature 
employed is about 1300°F. With the high-oxygen Illinois coals 
which Parr uses, exothermic reactions in the coal itself supply 
part of the necessary heat. Since no agitation is used in the 
final stage of the process, a strong coke of excellent quality is 
obtained, with a volatile-matter content of from 4 to 7 per cent. 

The Greene-Laucks process is being tried out on a commercial 
scale in Illinois. In this process the coal is propelled upward on 
a& worm conveyor in a vertical retort in which heat is supplied 
both on the outside and within a hollow shaft. The primary 
objective in this case is to make a good solid fuel with recovery 
of tar oils, and no attempt is made to reduce the volatile matter 
below 15 to 17 per cent. It is reported that retorts operating 
with this process have carbonized, over considerable periods, as 
high as 24 tons of coal per day. The fuel ignites readily and 
burns with a smokeless flame. 

The Carbo-coal process, probably the most widely known 
American low-temperature development, distills the coal in a 
stationary retort with internal agitation. Although the plant is 
not operating completely on a commercial scale at the present 
time (Sept., 1925), development work is being carried on and a new 
type of metal-lined coking chamber has been designed. Porter?’ 
reports that this retort, with a length of setting of 16 ft., has 
carbonized as high as 50 tons of Pittsburgh coal per day. With 
the retort shell at 1100 to 1200°F., the semi-coke contained 12 
to 14 per cent volatile matter, about 3000 cu. ft. of 875 B.t.u. 
gas were made, and 23 to 30 gal. of tar oils were produced. 
The semi-coke,*” being granular, is briquetted with pitch, and 
again carbonized, this time at a higher temperature with further 
recovery of by-products. 

An installation of a 400-ton per day plant using the Piron- 
Caracristi process is being attempted?*: 4° at the Ford Motor 
Company plant at Ford, Ont. In this process the coal is dis- 
tilled in a thin layer on a traveling metallic belt, which floats in, 
and is heated by a molten-lead bath. This process is designed 
to yield a pebbly coke suitable for use in powdered form as a 
furnace fuel, or to be used for mixing with high-volatile coals 
for coking in by-product ovens. 

A new development?® *® in low-temperature processes is being 
tried out on a commercial scale by the Economic Carbonization 
Company at Petersburg, Va. This process (designed along 
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the lines of the principles given by Warner, see p. 654) withdraws 
the volatile constituents from the center of the coal charge in 
order to keep thermal decomposition at a minimum. Metallic 
vertical retorts are used and the volatile constituents are drawn 
off through the hollow central shaft of a worm conveyor which 
propels the coal upward. The retorts are heated to relatively 
high temperatures at the top and are designed to yield a low- 
volatile coke. 

The MacLaurin low temperature process,*® the Laing and 
Nielsen sensible heat process in England, and the Stinnes double 
rotary retort in Germany, have all attracted wide attention in 
Europe. The MacLaurin carbonizing plant consists essentially 
of a large, by-product recovery gas producer, in which part of the 
semicoke is transformed into producer gas, the sensible heat of 
which carbonizes the descending coal charge. The producers are 
tall and of square cross-section, the experimental producer at 
Grangemouth, Scotland, being about 45 ft. high and 8 ft. wide 
at the widest part. The air blast is introduced about 12 ft. 
above the discharging doors, through a large number of ports in 
opposite side walls and through similar ports in a central dividing 
wall at the same level. Steam is injected at the discharging 
doors, cooling the descending coke, and forming blue water gas 
in the upper part of the producer. The mixed producer gas and 
water gas passes through an annular condenser (for the separa- 
tion of oils and tars), which surrounds the upper part of the 
charge, and is then led through coolers and scrubbers. This 
process yields a low B.t.u. gas, and the coke obtained is small 
and somewhat friable. Trouble is experienced with strongly 
coking coals, but the producers have the advantage of great 
flexibility in that they can be run either for the complete gasi- 
fication of coal, or for the production of smokeless fuel, depend- 
ing on the amount of air admitted. A battery of five of these 
producers has been installed at the gas plant of the Glasgow Gas 
Corporation. 

The Laing and Nielsen sensible heat process utilizes a rotary 
kiln which feeds directly to a gas producer. Coal enters the 
rotary kiln, is carbonized by the sensible heat of the ascending 
producer gas, and the resulting coke is fed directly into the 
gas producer. The gases leaving the kiln are cooled in order to 
condense the valuable light oils. In its latest form, the kiln 
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is arranged so that producer gas, hot products of combustion, 
or steam may be used for carbonizing the coal. 

The Stinnes inclined, double, rotary retort installed by the 
Mathias Stinnes Colliery at Karnap, near Essen, Germany, 
utilizes the middle space of a large cylinder for a concentric 
drier and preheater for the incoming coal charge, thereby increas- 
ing the throughput. The retort is heated externally with pro- 
ducer gas, provision being made for diluting the hot combustion 
gas with flue gas in order to provide uniform and closely regu- 
lated temperature. The inner retort is never heated above the 
temperature at which the steel has maximum tensile strength 
(482°F. or 250°C.), and therefore is used to support the entire 
weight of both retorts. The outer retort may be heated to as 
high as 1112 to 1292°F. (600 to 700°C.). The slow heating of 
the coal in the inner retort changes the coking characteristics, 
and absence of sticking is reported even with moderately coking 
coals. The path of the evolved gases is countercurrent to the 
flow of coal and, therefore, little or no thermal decomposition of 
the vapors takes place, the yields of tar and oils being excep- 
tionally high. Steam is injected into the outer shell in order to 
sweep out the high B.t.u. gases and to prevent the coal from 
sticking. In August 1925 this retort was producing over 70 tons 
a day of domestic and gas producer coke from bituminous dust. 

Complete Gasification Processes.*—Complete gasification 
processes have for their object the utilization of the sensible heat 
in producer gas or water gas to effect a partial carbonization of 
coal in the upper part of a generator, thus making possible the 
recovery of ammonia and part of the liquid by-products. The 
partially coked coal is then completely gasified in the lower part 
of the same generator. This process yields a gas of from 180 to 
350 B.t.u. per cu. ft., and since the entire process is carried out in 
a single shell a certain heat economy is possible over separate 
machines for low-temperature carbonization and producer-gas 
or water-gas generation. One such process has already been 
described, namely, the Wollaston producer, discussed in Chap. 
XVIII. The reactions taking place in the fuel bed of the gen- 
erator have been treated for gas producers in Chap, XVIII and 
for water gas in Chap. XIX. 

In addition to the complete gasification process already 
described, the Doherty and the Tully should also be mentioned. 


* For a bibliography of complete gasification processes see reference 50. 
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In the Doherty process, shown in Fig. 268, the distillation zone 
is above a water-gas generator. Coal and coke are fed in the top, 
coming in contact with gases at successively higher temperatures 
during passage through the furnace. When the air blast is on, 
no gas flows through the distillation zone, but all goes through the 
regenerators. Water is admitted to the regenerators and the blue 
water gas formed by the action of steam on the coke passes 
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Fra. 268.—Doherty process of complete gasification. (Courtesy of the 
American Gas Association.) 

through the distillation zone, volatilizing the lighter oils and 
ammonia which may then be recovered. It must be noted that 
in this process the volatile products never come in contact with 
material at a higher temperature than that at which they distill, 
so that no cracking takes place. The unburned coke from the 
base of the shaft is returned as fuel, after most of the ash has been 
separated mechanically. 
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The Tully process,*! shown in Fig. 269, has been quite widely 
adopted in a number of small English gas works on account of 
its flexibility and low labor requirements. The apparatus con- 
sists essentially of a tapered retort for low-temperature carboni- 
zation set on a water-gas machine. Coal, or a mixture of coal 
and coke, is fed in through a side opening near the top, is distilled 
and partly coked in passing through the retort, and then is com- 
pletely gasified in the water-gas generator at the bottom. The 
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Fie. 269.—Tully complete gasification process. 


method of operation is somewhat as follows: An air blast is blown 
up through the coke fuel bed in the lower part of the machine, and 
the resultant producer gas passes through a series of nostrils at 
the base of the carbonizing chamber. A blast of secondary air is 
admitted and the gas burns up through an annular space D filled 
with checkerbrick. The brick is heated rapidly and the heat for 
partial carbonization is transmitted to the coal charge through 
the walls of the retort. At the conclusion of the air blow, the 
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stack damper is closed, steam is forced through the fuel bed, and 
the hot water gas passes up through the retort, sweeping out the 
products of carbonization. Following this make period, the bed 
is blown with air again, and then steam is admitted at the top of 
the checkers, is superheated by them, and passes down through 
the fuel bed, the water gas now being withdrawn from the bottom 
of the generator. According to Meade,** the highest output 
obtained from the Tully plant is a make of 63,000 cu. ft. of 360 
to 370 B.t.u. gas and 8 to 9 gal. of tar per ton of coal. 

Complete gasification processes have not been adopted on a 
commercial scale in America, since the gas made is so far below 
the present heating-value standards. In England, on the other 
hand, gas is sold by the therm (a therm equals 100,000 B.t.u.) and 
the low heating value does not offer such a disadvantage. 

Methods of Heating Gas Retorts.—In the metallurgical coke 
industry, as already pointed out, the heat for carbonization is 
obtained by the combustion of part of the charge in beehive 
ovens, or, in the more efficient and modern by-product ovens, 
by the combustion of part of the coke-oven gas. In the applica- 
tion of by-product ovens to gas manufacture, the ovens are 
heated wholly or in part either with producer gas (which requires 
preheating of both gas and air) or with blue water gas. Early 
D-type gas retorts were direct fired, coal or coke being burned on 
grates immediately below the retorts. Direct firing is now 
practically obsolete, however, and, as illustrated by the preceding 
description of individual retort types, modern gas retorts are . 
-almost invariably fired with producer gas. The producers may 
be: (1) built-in producers, forming an integral part of the setting 
beneath the retorts; (2) semi-built-in producers, the producers 
still forming part of the setting, but built out in front of the 
retorts; and (3) external producers, in which producer gas may 
be generated in a central plant and distributed to a number of 
benches. In all these types it is extremely important that the 
producer gas be relatively free from dust and dirt in order to 
prevent clogging of the flues and combustion spaces. 

Built-in producers, although retained by some of the older 
and smaller plants, are being discarded on account of difficulties 
in maintaining efficient regulation and inaccessibility for repairs. 
Semi-built-in producers can be charged with hot coke from the 
retorts, are easier to regulate and repair than the built-in type, 
and find quite a wide application in horizontal and some vertical- 
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retort installations. External or central producers have a 
higher first cost than the two preceding types, and are used 
mainly in the larger plants. These producers may be run with 
recovery of by-products if coal is used as fuel. Other advan- 
tages of external producers are the lower depreciation and main- 
tenance charges, the greater ease of proper regulation, and the 
better chance for cleaning the gas before it enters the retort 
setting. There is, however, a heat loss from the distributing 
main. 


THE PRODUCTS OF CARBONIZATION 


The properties of coke and gas, the major products of carboni- 
zation, and the methods of by-product recovery are highly 
important. The remainder of this chapter takes up these sub- 
jects, and includes a discussion of the essential properties of 
coke, a summary of the effect of various factors on the type of 
coal gas obtained, and an outline of the methods employed in 
the recovery of ammonia, benzol, and tar. 

The Properties of Coke.—Coke produced from the distillation 
of coal for use as a blast-furnace fuel must have certain fairly 
definite characteristics. Of these the chemical properties, except 
chemical reactivity, which is probably due to physical structure, 
are of minor importance, since little can be accomplished in the 
carbonization process to remedy them. The limits within which 
the important chemical constituents of the coke should fall are 
well recognized and are as follows: 


Per Cent 
INLGIStIMO AM een rere ater ottsaa tee ave a sc wi pha ele teers. Not over 5 
TNS A oo Ones GREE ia OR rea eR Ace eee Not over 12 
STL UI eae roe ot saraee, G tcstelen ai aa cia ctehare Not over 1 
RHOSDHOTUS ad ih ce adminis een ace een ae i> Not over 0.02 


Of these, the sulfur content is the most important, since a 
large percentage lengthens the time of working in the steel furnace. 
A low-sulfur coke is extremely important from the point of 
view of blast-furnace operation. The removal of sulfur is 
not a function of the operation of the coke oven, but rather of 
the initial qualities of the coal used. This is also true to a large 
extent of the other constituents in the coal, and since a relatively 
large quantity of coals having the required analyses are available, 
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the production of coke having the requisite chemical properties 
is not difficult. 

The physical properties of coke are of great importance, and 
a number of tests have been designed to determine them. The 
physical tests* usually carried out are as follows: 

1. The determination of the apparent specific gravity. This 
is a displacement test, the apparent specific gravity being 


2. The determination of the true specific gravity. This 
consists in determining the weight of a Hogarth flask containing 
a sample of coke plus a known weight of water. The true specific 
gravity is: 


Ww 
True specific gravity = W—(Wi-P) 


where W = weight in grams of dry coke, W‘! = weight in 
grams of bottle, dry coke, and water to fill bottle, and P = weight 
in grams of bottle plus water required to fill bottle. 

3. The determination of porosity or per cent of volume occupied 
by cell space. 
Apparent Specific Gravity 


>) ‘ . wee ) a a : I 
Porosity 100 True Specific Gravity 


x 100. 


4. The resistance of the coke to breakage. This is determined 
by the “shatter test,’ in which a 50-lb. coke sample (of such 
size that it will not in any position pass through a 2-in. square 
mesh screen) is dropped four times onto an iron plate from 
a 6-ft. height, and the amount of coke which stays on a 2-in. 
screen noted. 

5. The resistance of the coke to abrasion as determined by®?the 
“tumbler test.’”’ A weighed coke sample is tumbled in a barrel 
for a definite length of time and a subsequent screen analysis 
gives a figure supposed to represent the friability of the coke. 
This test has no significance when applied to widely different 
cokes. 

The variation in results obtained in running these tests on 
American blast-furnace cokes is given in the following table. 


*See Srurr,'* CuristopHbR and Byrom,?! and Kinney and Prrrot®2 
for complete details of testing methods. See also Am. Soc. Test. Materials, 
Standards, pp. 1025 to 1032 (1924). 
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TABLE CLVI 


Resvutts or Puysican Tests on Coxr ror Buast FURNACES 


Trsr RANGE 
Apparent specific gravity (water = 1.0)......... 0.80= 1.1 
True specific gravity (water = 1.0)............. 1.8 - 2.0 
Porosity, per cent of coke volume occupied by 

CEU SDACO NNO Te on ats: Laer eres ce 41 —655 
Shatter test, per cent through 2-in. screen....... 13 ~=80 
Shatter test, per cent retained on 2-in. sereen.... 87  —70 


In addition to fulfilling the above requirements, the coke must 
be strong in order to stand the burden in the blast furnace, 
and should be carefully sized. American practice in this latter 
respect is to discard coke of less than 34-in. size, and in some 
plants the screening may run as high as 1 in. 

The structure of the coke may be controlled in the by-product 
oven by varying (among other factors) the coal mixture, tem- 
perature, coking time, oven width, and size of coal, and the 
regulation of the quality of resultant coke is thus to some extent 
in the hands of the oven operator. Coke made in by-product 
ovens is one-half the width of the oven in length and varies in 
thickness from 1 to 3 in., the average size being about 2 in. 
Beehive coke is considerably larger, since the coking zone travels 
the whole depth of the fuel bed. Another characteristic differ- 
ence is in the appearance of the coke surface, the beehive coke 
having a more lustrous gray sheen than the by-product variety. 

Combustibility of Coke-—The combustibility of coke has been 
given separate mention, not only on account of the importance 
of the subject, but also on account of the large amount of discus- 
sion which has appeared in the literature®* in recent years. 

Combustibility of coke usually means the ease with which 
coke reacts either with air or with carbon dioxide, and inasmuch 
as combustibility deals with the rate of reaction, it would be 
more appropriate to speak of the reactivity of coke. The three 
main fields in which coke is used are: 


1. The use of metallurgical coke in the blast furnace. 

2. The use of coke for domestic heating. 

3. The use of coke in the production of water gas. 

In all these fields the coke is consumed by the reactions 


Oxidation C+ O02. = CO, (1) 
Reduction C+ CO, = 2CO (2) 
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and in the water-gas process by the additional reactions 


C+ H.O =CO+ H: (3) 


The structure of the coke, its porosity, and the character of the 
cell walls (that is, whether or not they are covered by graphitic 
carbon) all are important factors in controlling its combustibility 
or reactivity. 

A number of tests have been proposed for measuring the 
combustibility of coke for use in blast furnaces. Some of the 
more important of these tests and the limitations restricting 
their use are as follows: 

1. Oxygen is passed over a weighed sample of crushed coke** 
for a given length of time at a definite temperature, the combus- 
tibility or the reactivity of the coke being measured by the loss 
in weight of the sample. This test measures the rate of oxida- 
tion of the coke, and, as was seen on page 338, oxidation of 
carbon, or reaction (1), depends on the rate of diffusion of the 
oxygen to the coke. Therefore, the combustibility of coke as 
measured by this test depends upon the velocity of the oxygen 
and upon the area of the surface of the coke. As would be 
expected from Chap. XII, all cokes show practically the same 
combustibility by this test. Another trouble with this test is 
that a small sample of the coke is ground up for a laboratory test 
and therefore the surface presented for the action of oxygen 
differs very greatly in character from the original surface of the 
large pleces. 

2. In the Salamander test a sample of the coke is burned in 
a cylindrical iron shell by a natural draft for a given length of 
time and the combustibility is measured by the loss in weight. 
It has already been seen that with a fuel bed of this character 
the rate of combustion depends upon the rate at which air 
flows through the bed. The rate of flow of air depends upon 
the resistance of the fuel bed and this is governed largely by the 
size and shape of the coke and the way in which it is packed. 
Therefore, this test does not truly measure the activity of the 
coke surface. 

3. IXoppers®® proposed the same type of test as the Salamander 
test, but substituted the character of the flame above the fuel bed 
for the loss in weight as the measure of combustibility. In this 
test, the longer the flame the more combustible the coke. This 
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test, in distinction ed those previously mentioned, measures the 
rate of reduction of carbon dioxide by the coke in accordance 
with reaction (2). This reaction is a time reaction (see p. 338), 
and therefore the faster the rate of air flow the less the time of 
reduction, and, consequently, a bed of coke that has a high resist- 
ance to the flow of air will show low combustibility compared 
to the same coke in a loose, free fuel bed. Another objection to 
this test is that the personal factor in judging the height of the 
flame cannot be avoided. Koppers®® also proposes to blow a 
measured volume of air through the fuel bed, and, while this 
plan is much better, it still depends upon the eye as the measure 
of combustibility. 

Bunte and Fitz®® define the reactivity of coke as its ignition 
temperature. Heating the coke to a high temperature increased 
its ignition temperature. For instance, with one sample, heating 
increased the ignition temperature from 622 to 1153°F. How- 
ever, Bunte and Fitz believe that the temperature at which the 
coke is formed has even more influence on the reactivity (igni- 
tion temperature) than the temperature to which the coke is 
afterwards heated. 

Thau points out that the cells in coke that are visible to the 
eye have no effect on reactivity and that high reactivity is assured 
only if the tiny cells are open. If these cells are closed, as, for 
example, by graphite or ash, the coke will be less combustible. 
As a result, Thau considers that the density of coke is not impor- 
tant and that a very dense coke may have a high combustibility, 
provided the coal from which it is made is free from impurities 
and that the cell structure of the resulting coke is open. Low- 
temperature coke is more combustible, in his opinion, not on 
account of the volatile matter it contains, but because as the 
coke is burned the volatile matter is driven off slowly, leaving 
an abundance of small cells free from graphitic carbon. In this 
connection it may be mentioned that a number of investiga- 
tors®®:*! consider that the permeability of the coke to hydrogen 
and to carbon dioxide indicates an open type of cell structure and 
therefore a combustible coke. An important review of these and 
other views is given by Sherman and Kinney."? 

Sutcliffe and Evans®’ also believe that a fuel with intercon- 
nected pores is more combustible than a fuel with large, dis- 
continuous pores. 
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To summarize the various ideas, combustibility (depending 
on point of view) may mean oxidation: of coke with oxygen, 
reduction of carbon dioxide by coke, or ignition temperature of 
coke. Cokes have practically the same rate of oxidation, since 
this is controlled more by the velocity of the air than by the 
character of the coke. The rate of reduction of carbon dioxide 
by coke, which is a reaction with a rate proportional to the active 
surface, depends on the size of the coke, its pores (that is, whether 
or not the pores are open and interconnected), and the tempera- 
ture at which the coke is formed, since volatile matter left in the 
coke creates open pores on burning. Ignition temperature 
depends on the size of the coke, on its previous heat treatment, 
i.e., the temperature at which it was formed, on its subsequent 
heating, and on the character of the coal substance from which the 
coke was produced. Whether rate of reduction with carbon 
dioxide or ignition temperature is the more important factor is 
an open question. 

Coke as a Fuel for Domestic Heating—When coke is used for 
domestic heating, the most important factors are: 

1. A low percentage of non-clinkering ash. 

2. A high apparent or bulk density. 

3. Low water content. 

4. An easily ignited coke. 

5. A coke that burns efficiently without constant draft 
regulation. 

6. A coke that will stay ignited for long intervals between 
firing. 

For home consumption it is obvious that a coke with a low 
water content and a low percentage of non-clinkering ash is 
desirable. High bulk density (pounds per cu. ft.) is required, 
because this characteristic permits longer intervals between 
firings—a very important consideration for a domestic fuel. 
For example, the bulk density of anthracite coal is 50 to 55 Ib. 
per cu. ft., whereas the usual domestic coke weighs only 30 to 35 
Ib. per cu. ft. Coke should be capable of easy ignition so that 
the fire will pick up quickly when fuel is thrown on a low fire. A 
coke that burns efficiently without constant draft regulation is 
one that burns almost wholly to carbon dioxide in the fuel bed, 
v.e., the gases coming off from the top of the fuel bed should be 
low in carbon monoxide. Under these conditions, the amount 
of fuel being burned and the efficiency of combustion (for coke 
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21 per cent CO, and no CO indicates 100 per cent efficient com- 
bustion) may be controlled by the setting of the stack damper or 
the ash-pit door only. Further, if the coke has high reactivity 
with COs2, the gases shortly after firing (due to the deep fuel bed) 
will contain a large amount of CO, thus lower the efficiency of 
combustion and require the damper in the firing door to be open. 
As the fuel burns out, the bed becomes thinner, less CO has to 
be burned in the combustion space over the fuel bed, and the 
damper in the firing door should be closed. In the average home, 
such a constant regulation of dampers or the firing of fuel at 
frequent intervals is not feasible. 

It has been found that the time required to ignite coke by a 
blast or hot air (1300°F.) varies 300 per cent with different domes- 
tic fuels. Also, the ratio of carbon as CO to the total carbon 
(COz + CO) in the gases coming off the top of a fuel bed of an 
ordinary hot-water boiler varies from 0.4 to 0.2, the coke having 

CO 
CO + CO: 
efficiently in the home. The difference between the cokes is due 
to variations in the coal used and the temperatures of 
carbonization. 

The ability of a coke fire to stand long periods of banking 
depends on the heat capacity, conductivity, and density, and, to 
some extent, on its ability to withstand combustion with small 
amounts of air leaking up through the ash-pit door. 

Coke for Water-gas Production.—In the water-gas process a 
coke is desired that will have a high reactivity with steam and a 
low CO loss during the air blow. On account of the similarity of 
the reactions of coke with steam, 

C+ H.O = CO + H: 
C + 2H.0 = CO, + 2H2 
and the reaction of coke with CO, (formed in the lower portion 
of the fuel bed during the air blow) 
C + CO, = 2CO, 
it is probable that a coke with a high reactivity with steam will 
also have a higher CO loss during the air blow. This loss, 
however, can be cut down by a high-velocity air blow, since the 
amount of reduction of CO, by carbon depends on the time of 
contact. Therefore, for water-gas production it would seem as 
if the coke with the highest reactivity with H.O (and, therefore, 


a ratio of = 0.4 being the more difficult to burn 
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probably COs, although this is not desired) would be most suit- 
able, leaving the elimination of the CO loss to the use of a high- 
velocity blast. As shown earlier, the coke with highest reactivity 
with CO, and, therefore, with probably the highest reactivity 
with steam, is a low-temperature, small-size coke, with inter- 
connected pores. A non-graphitic coke, such as that made in a 
steamed, vertical retort, would seem to be very suitable. The 
fusion point of the ash must be high in order to lessen trouble from 
clinker formation (see p. 609). 

Coal Gas.—The previous discussion of the mechanism of 
carbonization, and the comparison of different types of retorts 
have brought out the fact that the quality and quantity of coal 
gas made depends on: 

1. The coal used. 

2. The temperature employed. 

3. The kind of retort in which carbonization is carried out. 
The richer the coal used (in general) the higher the gas yield will 
be under a given set of conditions.* It was shown on page 669 
that the coals used for gas making are chosen to a large extent 
on this qualification, namely, as high gas yields as are compatible 
with the production of a coke suitable for the particular local 
market. It has also been pointed out that high temperatures 
cause thermal decomposition and a resultant decrease in the 
heating value of the gas. A comparison of different types of 
carbonizing equipment (Table CXLVIII, p. 673) has shown the 
temperatures, times of contact in the free space, ete. and affords 
an indication of the influence of the kind of retort on the gasmade. 

The properties of gases have been taken up in Chap. XI, and the 
composition of a representative coal gas and coke-oven gas given 
in Table LXVI, page 282. 

The Recovery of Ammonia.—The recovery of ammonia from 
the gases evolved during carbonization is an important factor in 
the economic success of the process. The gross value of this 
product may be as high as 6 to 10 per cent of the cost of the coal 
used. Recovery became important as the available supply 
of nitrogen compounds decreased and those countries which had 
most difficulty in obtaining nitrogen salts were the foremost 
in developing processes. The perfection of methods for the 

* This statement is not strictly true in all cases, since better gas yields 


may be obtained from Westmoreland coal, for example (32 to 34 per cent 
volatile matter) than from some higher-volatile coals. 


THE CARBONIZATION OF COAL 713 
6 
fixation of atmospheric nitrogen, however, probably will make 
ammonia recovery from coal carbonization much less profitable. 
Progress in the recovery of ammonia has been rapid during 
recent years and in all countries the maximum amount is obtained 
from by-product and gas ovens. 

The ammonia present in the gas depends to a large extent 
on the nitrogen present in the original coal. Other factors of 
importance are the distillation temperature, time of distillation, 
and exposure of gases to heat and decomposition. 

Processes for ammonia recovery (in which the ammonia is 
recovered as sulfate) may be divided into two main classes— 
direct and indirect. The latter was the original method and is 
still retained to some extent. In the indirect process the gases 
from the coke or gas oven are first cooled, the tar extracted, 
and the ammonia dissolved in water in suitable scrubbing towers. 
This liquor must then be distilled and the ammonia dissolved in 
sulfuric acid. In the direct process, the absorption in water is 
not necessary, and all the gases are passed through a sulfuric 
acid bath to precipitate the ammonium sulfate directly. 
This process originated with Brunck in 1903, but failed because 
the tar was not entirely removed from the gas and dirty sulfate 
resulted. More efficient tar removal has eliminated the diffi- 
culty and the direct process is used almost exclusively in the 
larger by-product plants today. 

In the indirect process, ammonia liquor from the cooling, 
scrubbing, and absorbing towers is preheated and enters the top 
of the still at a temperature of 80 to 85°C. Free ammonia is 
distilled in the upper section and lime is then pumped into a 
lower section in order to liberate the fixed ammonia. The gases 
leaving the still pass into a water separator (to condense and 
remove water vapor) and then enter a saturator containing 
strong sulfuric acid, where ammonium sulfate is crystallized. 
The remaining gas and uncondensed steam may be filtered 
through iron oxide purifiers or may be led to the oven stack. 
The sulfate is withdrawn continuously from the saturator, 
and dried centrifugally. This process may also be used for 
the production of concentrated ammonia liquor by using water 

‘as the absorbing medium, after passing the gases through a 
dephlegmating tower.* At certain times liquor may be of more 

* See WaLKER, Lewis, and McApams" for a discussion of the individual 
steps, 
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value than sulfate and many plants are equipped for recovery of 
both. 

The Koppers direct process is the one most widely used in 
by-product coke-oven plants in the United States at the present 
time. The foul gas from the ovens passes through primary 
coolers and tar extractors (as in the indirect process). 
After tar removal, the gases (containing about 75 per cent of 
the ammonia originally present in the gas) are preheated to 
about 150°F. and pass into a saturator containing sulfuric acid. 
The tar and ammonia liquor removed in the coolers and extrac- 
tors are separated (by allowing the mixture to stand) and the 
ammonia is distilled off and added to the gases just before they 
enter the saturators. The ammonium sulfate is handled as in 
the indirect process. 

Benzol Recovery.—The recovery of benzol or light oil from 
coke-oven gas consists of absorption in mineral oil and subsequent 
steam distillation of the benzol (and toluol, etc.) from this mix- 
ture. The mineral oil is recirculated through the scrubbing 
towers and the light oil further purified. The general scheme 
may be subdivided into the following processes. 

1. Extraction of a complex mixture of aromatic hydrocarbons 
by treating the gas with solvents of higher boiler point, such as 
straw oil, cresols, ete. 

2. Expulsion of the mixture from the solvent by seeualee 
heat treatment. 

3. Preliminary fractionation into groups of compounds 
according to the respective boiling points. 

4. Chemical treatment of the various fractions. 

5. Redistillation and careful fractionation of the chemically 
treated products. 

The efficiency of such a process depends on the proper heat 
recovery and heat transfer from the hot products to the feed 
entering the stills.* The actual arrangement of the heating 
system varies in different types of plant. 

The main products obtained are benzol, toluol, and solvent 
naphtha, with a certain amount of other hydrocarbons of this 
series. A large number of impurities present in the gas accumu- 
late in the benzol plant, the most important of which are ecar- 
bon bisulfide, thiophene, phenols, pyridine, and naphthalene. 


*See WatkeER, Lewis, and McApams* for a discussion of the individual 
steps. 
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The recovery process consists in separating the various products 
by the methods outlined above. 

Tar.—Tar is deposited from the gas at certain places in the 
system, the major portion separating on the initial cooling. 
All this is collected into one large tank. It may then be 
shipped directly or, in some plants, distilled to separate various 
products. 

The constituents of tar may be grouped as: 

1. Hydrocarbons: 

(a) Paraffin. 
(b) Aromatic. 

2. Tar acids—oxygen-containing bodies of phenolic type 
(higher phenols, cresols, etc.). 

3. Nitrogen-containing bodies—(ammonia, pyridine,carbazole). 

4. Sulfur-containing bodies. 

5. Pitch. 

6. Free carbon. 

The proportion of these constituents varies considerably with 
temperature, the yield of hydrocarbons being greater at low tem- 
peratures and the amount of pitch and free carbon increasing as 
the temperature (and thermal decomposition) is increased. The 
yield of tar decreases and its specific gravity increases with increas- 
ing retort temperatures. 

As previously mentioned, the tar is the source of many deriva- 
tives, is used as a road and roofing material, and is becoming 
of increasing importance as a fuel in steel and other mills 
which manufacture their own coke (see Chap. XVI). 
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APPENDIX I 
FLOW OF LIQUIDS AND GASES* 


The flow of fluids, both liquids and gases, is of great importance in the 
field of combustion, since liquids, such as oil and water, frequently must 
be transported and the problem of moving gases is encountered in all 
furnaces. In considering the flow of liquids, such as water and oil, the 
pressure drop through the system, and the head necessary to maintain a defi- 
nite rate of flow, are the main factors of interest. The flow of gases, on the 
other hand, involves only slight pressure drops and, although the resistance 
to flow is important, the distribution of the gases is an added factor of equal 
or greater importance. Liquids flow at high velocities through pipes of 
small cross-section, so that perfect mixing usually takes place. Furnace 
gases, however, often flow at low velocities with little turbulence through 
large flues and over large hearths, a condition which prevents thorough 
mixing. Consequently, a discussion of fluid flow may be divided into two 
sections: first, friction losses or resistance to flow; and, second, distribution 
of gases. 


FRICTION DROP 


The solution of all problems in flow of fluids is based on one of two equa- 
tions, both known under the name of Bernoullis’ theorem. Both are 
based upon consideration of a given section of the conduit through which 
the flow is taking place. The first is a mechanical energy balance, based 
on the fact that the mechanical energy can be increased within the section 
itself only by one of two mechanisms, either by doing external work on the 
fluid (e.g. by means of a pump), or by the mechanical energy of expansion 
of the fluid upon itself. The mechanical energy can be dissipated only 
through friction. The second equation is based on the law of conservation 
of energy, and represents an overall energy balance applied to the section. 
The two equations are: 


2 
1 


ti + pir + a +R +f dv = 


Lo + Pe + 7 +P (1) 
and 
re 
Ey + 2 +pmt 5 +R+H = 


92 
Ee, Pope a (1a) 


*For a more complete discussion of this subject see WaLkKmR, Lewis 
and MoApams, ‘‘Principles of Chemical Engineering.” 
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e 
where & equals the mechanical work done upon the fluid in the section by 
external means (zero unless a pump, etc. is used), il pdv is the work done 


by the expansion of the fluid upon itself, F is friction loss, @.e., mechanical 
energy converted into heat, and H equals the heat added from external 
sources, expressed in mechanical units. 

E represents the intrinsic energy of the fluid, x the height above a datum 
plane, p the pressure on the fluid, » its volume, w its velocity, and w any 
external work done on the fluid. The subscripts 1 and 2 refer to the value 
of these terms at two cross-sections of the path of flow. The equations are 
based on a unit weight of fluid flowing, or, in English units, 1 lb., so that 
the terms are energy terms, i.e., foot-pounds. 

Which of these equations to use depends on the specific problem, but in 
almost all cases the first equation is the one required, The second is, how- 
ever, the more general. Furthermore, pumping devices usually are treated 
separately, so that in the following discussion they are not considered 


and thus R = 0. For convenience if pdv is represented by w. The terms 
2 

x and - represent, respectively, the potential energy of the fluid, due to its 

height above the datum plane, and the kinetic energy due to its velocity. 

The product pv is the mechanical work done in forcing the fluid into, or out 

of, the section. 

Fluid Heads.—Since 1 lb. of the material is assumed in Eq. (1), the units 
of the energy terms must be feet in order that the resulting units will be 
foot-pounds of work. ‘The feet of fluid may be considered as a “‘head”’ 
and Eq. (1), when there is no friction loss, then may be rewritten 


Ip! + Ihe! + fig! Ew = hig” + hy"! he”, (2) 


where hp, hs, and h, are the potential, static or pressure, and velocity heads 
respectively, in feet of the fluid. The value of the potential head hy, is the 
distance above the datum line, which is usually taken as the lowest point in 
the system to avoid negative values. Static or pressure head is the fluid head 
exerted by the material on a plane parallel to its direction of flow. Velocity 
head is the fluid head exerted on a plane perpendicular to the direction of 
flow, minus the pressure head. Velocity head may be measured in this way, 
since the kinetic energy is converted entirely to pressure head at the moment 
of impact. Figure 270 illustrates the method of determining the values of 
each head. Velocity head may be measured directly by the differential 
manometer at the right, one arm determining pressure head and the other 
determining the sum of pressure and velocity heads, so that the reading gives 
the velocity head by difference. The head may be measured in pounds 
per sq. in., inches of water, or inches of mercury, and the value in feet of 
the fluid flowing calculated from the density. The density of water is 62.3 
lb. per cu. ft. and a column of water 1 ft. high exerts a pressure of 62.3 Ib. 
per sq. ft., or 0.432 lb. per sq. in. The head in feet of air at 60°F. may be 
determined from a measured head in inches of water by multiplying the 
ratio of the density of water to that of air, and by dividing by 12, namely, 


62.3 
0.075 X 1 12’ or 69.2. 
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Equation (2) indicates that any kind of fluid head may be converted into 
any other without outside work being done on the system. ‘The sum of 
the three heads at one section must be equal to their sum at any other section 
provided no external work is done or no energy is lost by friction. If at any 
point the velocity head is increased, then either the potential or the static 
head must be decreased by the same amount. This fact is the basis of the 
design of many meters for measuring the rate of fluid flow, which operate 
under such conditions that there is a simple relationship between the changes 
in static and velocity heads. 


Pressure Head 


Pressure Head + Velocity Head Velocity Head 


Potential Head -... 
(Gbove daturt lire) 


ee ee 


y__Deturm Liney 


Fia. 270.—Measurement of fluid heads. 


Cause of Flow.—The flow of any fluid starting from rest is caused by 
differences in head, either pressure head or potential head. Thus water 
will flow from a higher level to a lower level by gravity, or by difference in 
potential head between the two points. It also will flow through a hori- 
zontal conduit with no difference in potential head, provided there is a 
difference in pressure head. In addition, flow will take place if there is a 
difference in the sum of the pressure and potential heads at the two points. 
Velocity head serves to continue the flow after the pressure and potential 
heads have been eliminated 


Straight Line (Viscous) Flow 
Abs.= actual net velocity ata given point 


Fira. 271.—Velocity distribution in circular pipe. 


Types of Motion.—A fluid, flowing through a conduit under constant 
conditions (7.e., constant pressure drop), may adopt either of two types of 
motion, straight-line or turbulent. In straight-line motion each particle 
flows in a path parallel to the conduit and no transverse or convection cur- 
rents are set up! (see Fig. 271). As the velocity increases there is a sudden 
transition at a definite point from this type of flow to turbulent motion, 
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which is characterized by the presence of a multitude of eddy currents (see 
right side of Fig. 271). 

Straight-line Motion.—The theoretical law of Poiseuille, which, for straight- 
line motion, has been experimentally confirmed for circular pipes up to 12 in. 
in diameter, is 

32uLu 
Zs gd? 7- (3) 
where Ap = pressure drop (pounds per sq. ft.). 

L = length of straight pipe (feet) plus equivalent length due to 
bends, ete. 
= average velocity (feet per sec.). 
= a constant (32.2). 
inside diameter (feet). 
= absolute viscosity (lb. per sec. per ft.), or 
= 0.000672z, where z is the viscosity relative to water at 68°F. 

Turbulent Motion.—The equation governing the pressure drop when the 

motion of the fluid is turbulent is given by Fanning’s equation: 


Ap 


rade 
Il 


Ap == (4) 


where Ap = pressure drop (pounds per sq. ft.) 
f = friction factor. 
p = density (pounds per cu. ft.). 
L= length of straight pipe in feet plus 
equivalent length due to bends, etc. (Table CLVI1). 
= velocity (feet per sec.). 
= hydraulic radius in feet, which equals the cross-sectional area 
divided by the perimeter of all surfaces exposed or wetted. 


Sa 
Ral 


. : fi hene : 
For circular pipes or square flues where m = 4 this equation becomes 


2fpLu? 

= ———e 5 
Ap a (5) 
TABLE CLVII 


EqurvaLent Lenorus,* ExpresseD AS DIAMETERS OF ADDITIONAL 
Srraicut Pier (TursuLENT Morron) 


NUMBER OF 


DIAMETERS 

90-deg. elbows: 

(eR Tin kA cone ye 6s PAU RRNEME 0-0, Cun O ERECT CSET) cute ee 30 

Git tabs OR oy Lye! ieee cole) SR ae mio 5, dl eee ar PRE ee rs Ga eaeae 40 

SEU LII Mea cae Marae SOTA te Ch cei a ao a ds oc Benifete oF setelie- ava pecrOltg tev stta za, nie seh 50 
Globe valves: 

LOS TB. ech capeho) dns DIOR Cina O53 oe AOTC RCE OOO cra Po ica sok 45 

oe CRT) eee RT NCES dsc PMD wg a el gtaltitiels. sivas oba meee gale 60 

FRAUD NEY.» cy cinch tstcupseek bpatic Wee PES teaaene OP arn) A ROLE CEET PORE REE OSA ROT CRCACRAR OES 75 
Tees: 

To TTI. au hen vere Alene ete rad cuir iho Ltd eR REMC IORI. Cie Cae 60 


* WaLK®PR, Lewis, and McApams, Principles of Chemical Engineering.”’ 
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Critical Velocity.—At the critical velocity u., or the velocity where the 
change from straight-line to turbulent motion occurs, the pressure drops in 
both types of motion must be equal, and from Eq. (3) and (5) we have, 


— 32ulue _ 2fepLuc® 6 
Ap = - gd? = gd ’ (6) 
whence 16 
toy (7 
c Spd ) 


As will be shown later, the coefficient of friction at the critical velocity 
f. is 0.0176 for all fluids, so that the equation on critical velocity becomes 
942u 
Mie” pt (8) 
or substituting viscosity relative to water, z (u = 0.000672z), specific gravity 
relative to water, s, and diameter in inches, D, for u, p, and d respectively, 
Eq. (8) reduces to 
0.1222 é 
Me = we (9) 
The following table shows the values of wu, for various fluids flowing inside 
a 2-in. pipe calculated from Eq. (8). The critical velocity for air at 1150°F. 
flowing through a 6-ft. main determined from this equation is 0.157 ft. per 
sec. From a consideration of these values it is evident that the critical 
velocities for air and water are so low as almost never to be found in practice. 
It is only when dealing with the viscous oils that straight-line flow 
is encountered. 


TABLE CLVIII 


CALCULATED CRITICAL VELOCITIES IN 2-INcH PIPE 


Tempera- | Absolute : Absolute Critical 
Density, 5 : 
. ture, pressure, viscosity, velocity, 
Fluid pounds a 
degrees atmos- English feet per 
. F per cu. ft. 2 
Fahrenheit pheres units sec. 
Ey drovendery evi tin een 70 1 0.00522 | 0.0000062 6.5 
DW dea i i ice MRO ROM IES ae 70 1 0.0750 0.0000125 0.91 
LAU Sas KPa tse reece ae 70 10 0.750 0.0000125 0.091 
RICOAID nits siaicrasie ester ee 212 1 0.0373 0.0000081 1.19 
PSEC TEN S00 aa hole Ce TPRPREEY Pent Ee yo 3 357 10 0.326 0.0000097 0.16 
WitOR. councteics piacere cine 68 Any 62.3 0.000672 0.059 
Fier ed. Ol gen crn nntatereiene 68 Any 56.0 0.0067 0.65 
California crude oil....... 68 Any 60.0 2.32 211 


Friction Factor.—Equation (4), governing the case of turbulent motion, 
is thus the most important equation for the determination of friction losses. 
Before this can be applied, however, it is necessary that the values of the 
friction factor be known, A multitude of empirical relationships expressing 
f as some function of the pipe size and the velocity, density, and viscosity 
of the fluid have been developed. Each of these relationships is applicable 
to the particular fluid in question and under a limited range of conditions. 
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The friction factor, however, is a function of all four of these variables a 
é Us 
since it is a coefficient without units, it must vary as some function of “se 


since this is the only combination of D, u, s, and z which has no units. _The 
value of this function has been determined? by correlation of the most 
reliable data available on the flow of gases, water, and oils. It may be 
represented best by the chart! (Fig. 272), in which the friction factor is 


D : 
plotted against the value of the modulus a For the solution of any 


problem in the turbulent-flow range it is simply necessary to calculate 


au, look up the friction factor f from the chart, and substitute in the 


equation 
flput, 


ai (4) 


Ap = 


3b2uLu 
gd? 


It should be noted that Eq. (8), Ap = » for straight-line motion 


may be changed to the form 


2fLpu’ 


p= qa by ig Bat f for i or f equals 0.00207 - ~ _; so that by 


Dus 


drawing the line f = 0.00207 —— cae to intersect with the line giving the values 


of f in turbulent motion a chart is obtained from which the value of f may be 
determined at any velocity for use with equation 


2fLpu? 
ADI Gace (5) 
regardless of whether the flow is turbulent or straight line. The intersection 
of these lines gives the value of f at the critical velocity equal to 0.0176. 


The value of the modulus — at this point is 0.122 for fluids flowing in cast- 


iron or steel pipes. 
Flow of Liquids in Pipes.—The method of determining friction loss 
through a pipe line carrying liquids may be divided into three steps: First, 


: Dus : ; BAe 
calculation of i from the size of pipe or flue and the characteristics of the 


liquid flowing; second, determination of f from Fig. 272; and, third, caleula- 
tion of the pressure drop in pounds per sq. ft. by substitution in Eq. (5). 
The external work in foot-pounds (550 ft.-lb. per sec. = 1 hp.) necessary 
to overcome the friction is the product of the pressure drop times the cubic 
feet of fluid flowing. The total work necessary to move the fluid is that 
necessary to overcome friction plus that to compensate for differences in 
potential, static, and velocity heads at the two ends of the system. In 
many commercial problems in flow of liquids, differences in velocity and 
static head are negligible and external work is supplied chiefly to overcome 
friction and potential heads. 

Flow of Gases in Flues.—For the solution of problems in the flow of liquids 
the above method is most satisfactory. In combustion practice, however, 
problems in liquid flow are not often met with, and the flow of gases is of 
greater importance. The equations above are equally applicable to the 
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flow of gases, however, but for brick flues the values of the friction factor 
are higher. The chart (Fig. 273) shows the values of f calculated from 
data given by Trinks? for the friction factor in flues with walls having various 
degrees of roughness. In this plot and in all subsequent discussion, for con- 
venience in handling problems on the flow of gases, the unit of pressure 
drop, or friction loss, is inches of water. The value of f for iron pipe (Fig. 
272) must be divided by 5.2 to conform to these units, and the results are 
plotted as the dotted line in Fig. 273. The actual determination of the 
value of f under various conditions is difficult, and few accurate data are 
available. Menzin‘ gives as the equation for pressure drop in chimneys 
EV? 


p= 0.008 5 rks 


Gitical | 
Velocity 


Ap-Friction Drop(in of water) 
l- Length of Flue(ft) 

u- Velocity (ft per sec) 

e - Density (/b per cu.ft) 
d-Diameter of Flue(ft) 
a ae of Flue(in.) 


2-Medium Rough} for 
3- Fairly Smooth )Brick Flues 
4--Tron Pipe (WL. McA) 


ae 
]-Very Rough re Values 


01 0203 040506 08 10 eS h56 8 W 2030 
DUS 
Z 


Fig. 273.—Friction factors for gas flow. 


which, in the units and form developed previously, is 


_ 2(0.00325)Lu®, 


Ap qd 


or a friction factor of 0.00325. This would correspond to a value of oe ot 


y.13 and is probably much lower than the usual prevailing conditions. The 
Oalues given in Fig. 273 represent the best figures obtainable. 


Dus. ; : 
The usual range of values of = in large flues is from 1 to 30, and in most 


cases the value is between 12 and 30. In this range (from 1 to 30) the value 
of the friction factor for very smooth walls falls from 0.00185 to 0.00093 
and for very rough walls from 0.0023 to 0.0021. Evidently, with rough 
walls f is more nearly constant and varies much more with the degree of 
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Fig. 274.—Specific gravities of air and flue gas at different temperatures. 


Relative Viscosity (Z) 


Specific Gravitu(S 
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Specific gravity (S) 
Fie. 275.—Values of — 
i ‘a aretg Relative viscosity (Z) 
temperatures, 


for air and flue gas at different 
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: Us : : ; 
roughness than with <7. For this reason many investigators have used a 


constant value for f over the range in which they were interested. The use 
of such a value is apt to lead to erroneous conclusions, especially when 
attempting to extrapolate outside of the range in which the value was 


obtained. It is, therefore, recommended that the value of — always be 


calculated and the friction factor obtained from the chart (Fig. 273). 

Trinks defines “fairly smooth’’ walls as brickwork which has been evenly 
laid and brush-coated with cement; “‘medium rough”’ as brickwork evenly 
laid but not so coated; and ‘‘very rough”’ as uneven brickwork, or brickwork 
which has been covered with slag. It will be noted that the effect of rough- 


ness at low values of — (low velocity) is negligible, and the difference is 
accentuated as the velocity increases. 
The values of s and - for air and flue gas at atmospheric pressure, as 


functions of the temperature in degrees Fahrenheit, are given in Figs. 274 
and 275, respectively. The method of using the charts may be illustrated 
by the following problem. 

Example 1.—What will be the pressure drop in inches of water if flue gas 
at 800°F. is flowing at a velocity of 20 ft. per sec. through a 5-ft.-diameter 
flue 300 ft. in length, having fairly smooth walls 


aD 
Step 1. Determine ~~ 


where D = 5 ft. 60 in. 
u = 20 ft. per sec. 
: = from Fig. 275 = 0.016. 


pee, 
oe 
Step 2. Find friction factor from Fig. 273. Friction factor corresponding 
Dus 


60 X 20 X 0.016 = 19.2. 


ll 


to ah aaee 19.2 for fairly smooth walls equals 0.00119. 
Step 3. Substitute the proper values of f, Lp, u, and din Kq. (5). Ap = 
2fpLu? 
gd 


2( 0.00119) 


32.2 X 6 


= 0.0564 in. of water. 
If the walls were very rough, the pressure drop would be 


2(0.0020) | x ( 0.00051 x 62.3 ) xX ( 300 ) 
a (32.2) (5) 


= 0.0948 in. of water, 
or almost twice as great for rough walls as for smooth walls. 
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Loss of Velocity Head Due to Bends.—As indicated by Table CLVII, the 
pressure drop through 90 deg. bends is equivalent to that through a straight 
length of flue equal to 30 to 50 diameters of the flue. Many authorities on 
the flow of gases consider the friction at a right-angle bend to be equivalent 
to a loss of the total velocity head. Thus, in changing the direction of flow 
the velocity decreases to zero, with a loss of the entire velocity head. The 
velocity then increases to its former value at the expense of a loss in pressure 
head, so that the net result is a loss in pressure head equal to the velocity 
head at the bend. The method of calculating for this case is given below 
under Velocity Heads (Eq. (11)). 

Other Sources of Pressure Drop.—In considering the flow of liquids, the 
loss through pipes and bends is the chief item. This is due to the small 
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Draft Required in Inches of Water 


20 24 28.) 32 36 640 
Pounds of Coal per Sq. Ft. of Grate Area per Hour 


Fia. 276.—Draft loss through fuel beds with different fuels. 


sizes of pipe with high pressures and, consequently, high pressure drop. 
Gases, however, are transported at low pressures, and since the volume is 
extremely large, only small pressure drops are allowable. In the example 
cited above, the friction drop was only 0.1 inch of water at high velocity 
and in rough flues. In considering the flow of gases, there are a number of 
other sources of pressure drop which often are of greater importance than 
the drop through flues. Among these are (1) pressure drops due to friction 
through fuel beds, boiler tubes, economizers, regenerators, and ports; and 
(2) pressure drops due to the change of pressure head to velocity head caused 
by changing the velocity of the gases and by expansion and contraction 
_losses. 

Pressure Drop in Fuel Bed.—Friction drop through the fuel bed of a 
coal-fired furnace cannot be calculated directly from any equations and 
must be experimentally determined. Figure 276 shows the average values 
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‘ 
of the draft required in the furnace chamber for burning various fuels at 
different ratings as given by Cotton.’ The curves are for reasonably clean 
fires with hand firing and with average conditions using stokers. Although 
these represent average values, it is advisable to obtain the data required 
on any particular stoker from the manufacturer. 

Pressure Drop Past Boiler Tubes.—The pressure drop through boiler tubes 
may be calculated from Eq. (4), where the mean hydraulic radius, or ratio 
of the cross-sectional area of gas passage to the perimeter of all surfaces 
touched by the gas, is used instead of a pipe diameter. The results obtained 
are not of great accuracy, however, since the equation does not hold rigidly 
under these conditions. The pressure loss depends to a large extent on 
the type of setting and on the volume of gases flowing. It is advisable to 
obtain data on the particular setting to be used from the boiler manufacturer. 
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Fia. 277.—Draft losses through boilers. 


QO 


Figure 277 shows’ the draft loss through several types of boilers as a function 
of the air used. Any arrangement whereby the draft loss through the 
boiler tubes is decreased means a decrease in heating efficiency. Both the 
rate of heat transfer and the friction drop increase with gas velocity, so that, 
in general, a balance must be maintained between efficiency of heating and 
cost of draft. Although in a horizontal water-tube boiler vertical baffles 
offer more resistance to flow of gases than horizontal baffles, they also give 
higher rates of heating. 

Pressure Drop threugh Economizers.—Menzin‘ gives the draft required 


by an economizer as 
6.61F2NT (10 
Ap — matin. ) 


where Ap is the pressure drop (inches of water). 
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F is the flow of gases (pounds per hr. per lineal foot of pipe in each 
economizer section). 

N is the number of sections. 

T is the mean temperature of the gases (degrees Fahrenheit absolute). 

The use of this equation is illustrated by the following example: 

What will be the pressure drop in an economizer consisting of 36 vertical 
sections with 10 tubes 10 ft. long in each section, when 80,000 lb. of gas per 
hr. at an average temperature of 400°F. are passing through it? 

1. Calculate FP: 

10 X 10 = 100 ft. of pipe in each section. 


—— == 800 Ib. per lineal foot per hr. 


2. Substitute values in Eq. (10). 
N = 36, T = 460 + 400 = 860°F-. abs. 
6.61(800)?(36) (860) 
RS 108 
Pressure Drop Due to Velocity Head.—The head necessary to impress a 
velocity on a fluid is 


= 0.131 in. of water. 


=o (11) 


where h, is the head (feet of fluid). 


wu is the velocity (feet per sec.). 
gisaconstant = 32.2. 


Fig. 278.—Expansion of a fluid from a small into a large section. 


Or, expressing h, in inches of water, 
hy = pg) 2) = 0.186u2s, (12) 


where s is the specific gravity of the fluid relative to water. This equa- 
tion applies to all cases where the change in velocity head is from 0 to w. 
For a change in velocity from w; to ws the equation is 
Ap = 0.186s(w.2 — w1?). (12a) 
The velocity head must be taken into consideration in all cases where 
fluids are flowing. Where the velocity is low and the other resistances large, 
the effect: of velocity, head may be negligible, but in many eases it is a large 
proportion of the total. The velocity head of a stream of air at 100°F. 
flowing at the rate of 100 ft. per sec., for example, is 
Ap = 0.186(100)2(0.00114) = 2.12 in. of water. 
Losses Due to Expansion.—When a fluid expands from a smaller section 
to a larger, as in Fig. 278, a portion of the velocity head is converted to 
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static head in the larger section, but not all the decrease in velocity head 
is so converted. The loss in total head when such expansion takes place 
may be determined from the equation 
(ui — Ue)? 
Ah = 
on (29) 
when Aj is in feet of the fluid, or 
Ap = 0.186 (uw: — uy)2s (13) 
where Ap is in inches of water and s is the specific gravity relative to water. 
Losses Due to Contraction.—When the fluid passage is suddenly contracted, 
a further loss takes place, since a considerable proportion of the static pres- 
ure in the larger section is lost during the conversion to velocity pressure. 
This loss, in inches of water, may be expressed by the equation 


’ 


Ap = 0.186K(u)?s, (14) 
0.5 | | 
Formula: Ah=Hus 


Rg 


04 4h=Lost head expressed as feet of 
fluid of densi ty at contracted section 
u,=Lihear velocity of fluid ir1 
smaller section in ft per sec. 
0.3 g =82.2 ff per sec. per sec: 


Data: 


Hughes and Sattord 
Hydraulics 
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Fic. 279.—Values of contraction loss coefficient K. 


where w is the velocity in ft. per sec. in the smaller section and K is the coeffi- 
cient of contraction, varying with the ratio of areas in the two sections. 
The value of K as a function of this ratio is given in Fig. 279. 

The importance of expansion and contraction losses is great when the 
friction drop is small, i.e., when the flues are short, but for small changes in 
size they often may be neglected. The contraction loss in an air stream on 


3 ; A.. . 
entering a flue is 0.186 (0.5) (w2)s, or 0.093128, since the ratio of 7 is 0 and K 


is 0.5 (Fig. 279). The total pressure necessary to give a quantity of air 
a definite velocity wis the sum of the contraction and velocity heads, or 


for this last case Ap = 0.186u?s + 0.093u?s = 0.279u?s (15) 
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Pressure Drop through Ports—The friction drop through ports, which 
are in reality short flues, is usually negligible. However, there may be con- 
siderable drop in pressure due to the conversion of pressure head to velocity 
head. This loss should be considered as a contraction loss and determined 
from Eq. 14, using the value of K as determined from Fig. 279. 

Recuperators and Regenerators.*—Friction drops through recuperators 
may be calculated from Eq. (5) as for flues. The friction drop in regenera- 
tors may be calculated from Eq. (5), by using the equivalent diameter cal- 
culated from the mean hydraulic radius m. The mean hydraulic radius 
m is the cross-sectional free area for gas flow divided by the perimeter of all 
surfaces past which the gas is flowing. This value of m may be multiplied 
by 4 to give the equivalent diameter for substitution in Fig. 273 or in Eq. (5). 
A considerable proportion of the friction loss in regenerators is caused by 
expansion and contraction losses due to the varying size of gas passage, and 
should be calculated from Eqs. (12) and (13). In the majority of cases (on 


"6 “Impact Opening 


v "a" Static Opening 


Fig. 280.—Open tube and piezometer ring. 


account of the relatively low velocities) the drop through the regenerator is 
small compared to other losses. The ‘‘stack effect’’ in the regenerators, or 
difference in density between cold air and hot gases, usually is the sole means 
of bringing air into the furnace and is used largely in giving velocity head to 
the air. The friction drop through the regenerators must be low for this 
reason and also to prevent deposition of dust, etc. on the brick from checking 
the air flow to any appreciable extent. 
Methods of Measuring the Flow of Fluids.—As previously outlined, 
velocity head may be expressed by the equation 
hy = 7 (11) 
from which 
u = V2gh,’ (16) 
where w is the velocity in feet per sec. and h, is in feet of gas flowing. This 
relation between velocity and the velocity head forms the basis of most 
instruments for measuring the rate of fluid flow. 
Pitot Tube.—The Pitot tube is an instrument for measuring the velocity 
head directly. Two tubes are inserted into a gas stream, one of which, a 


*For further discussion on recuperators and regenerators see Chap. XI, p. 
293. 
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(Fig. 280), is perpendicular to the gas stream and measures static head only. 
The second, b, is parallel to the gas stream and measures static head plus 
velocity head. By connecting both tubes to a manometer, the difference, 
or the velocity head, may be read directly and the velocity calculated. The 
commercial Pitot tube usually has both tubes integral as in Fig. 281, the 
static pressure measured by the outside tube with the small holes. This 
arrangement insures measuring the static and velocity pressures at nearly 
the same point. 

Pitot tubes are used chiefly for exploration to determine the variation of 
velocity throughout a flue. The velocity in a pipe varies from the sides to 
the center, and for turbulent motion the average value is 0.8 of the maximum 
value (which is usually at the center of the pipe). For accurate work the 
pipe should be explored and the measurements averaged. Pitot tubes can- 
not be successfully used with furnace gases due to the relatively low veloci- 
ties encountered. For example the velocity head for air flowing at 10 ft. 


Fia. 281.—Pitot tube. 


per sec. at 70°F. is only 0.0224 in. of water. One advantage of the Pitot 
tube is that its use causes no appreciable pressure drop in the gas stream. 

Orifice—The most general method of measuring fluid flow is by means of 
an orifice. A sudden restriction of the gas passage causes the conversion of 
a portion of the static head to velocity head. The decrease in static head, 
Ahs, in feet of gas may be determined from the equation. 


U2? Ui , 
29 he = (G; Ahs 
or 
N/ iy? — uP = CO V/ 2g Aha (17) 


where wz and w; are the final and initial velocities, C is a coefficient dependent 
on the type of orifice, and AA, is the decrease in static head. If the diameter 
of the pipe is at least five times the diameter of the orifice, uw, is }45u2, wi? is 


only 15u2%, and thus may be neglected in the term a/ Uz? — us. The 
equation then becomes 
u = CV/2ghh,. (18) 
The value of C when a thin plate orifice of type shown in Fig. 282 is used, 
and when the chamber diameter is at least five times that of the orifice, is 
0.61. For a rounded orifice in a thick plate (see Fig. 282) the value is 0.98. 
The value of C for a short-tube or channel orifice varies greatly with condi- 
tions between 0.7 and 0.9 and this type should not be used unless calibrated 
for the specific conditions under which it is to be used. The thin-plate 
orifice usually is the cheapest measuring device, is easiest to construct 
accurately, and is, therefore, in most general use. For the purpose a steel 
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plate, not over 3{¢ in. thick, may be drilled and bolted between flanges. 
The downstream manometer should be attached a distance of 0.4D below 
the orifice and the upstream manometer a distance 0.8D above the orifice, 
where D is the diameter of the pipe in which the orifice is placed. If the 
manometers are placed at these points the maximum difference in head is 
obtained, and it is only under these conditions that the coefficient of dis- 
charge is 0.61. 


Sharp-Edged Orifice  Sharp-Edged Orifice 
in Thin Plate - in Thick Plate 


= | = 
1. 2 
Rounded Orifii St S 
oe se andard Short Tube 


Fig. 282.—Types of orifices. 


Venturi Meter.—The major disadvantage of the orifice is the large pres- 
sure drop through it. The pressure drop measured is a direct loss and must 
be supplied by a pump and so represents a continuous cost of operation. 
This objection is overcome by the venturi meter, which operates in the same 
manner as the orifice but is constructed differently. By making a gradual 
decrease in the size of the pipe to a minimum and a still more gradual increase 


Fie. 283.—Venturi meter. 


back to the original size, the velocity head may be reconyerted almost 
quantitatively to pressure head. The construction is shown in Fig. 283 with 
the proper angles of divergence on the up- and downstream sides. The 
throat diameter in this type of instrument is usually about one-fourth the 
upstream diameter and the coefficient of discharge C is 0.97 to 0.99 in 
the equation 


u = COrvV/ 2gdhs (18) 
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Since the coefficient depends on accurate machining, each venturi usually is 
calibrated before being used. 

Chimney Design.—In order fully to understand the flow of gases and the 
design of chimneys, it is necessary to have a knowledge of “stack effect.”’ 
By this is meant the effect of hot gases rising and being displaced by colder 
gases, caused by the difference in density between gases at different tem- 
peratures. Since the volume of a gas is proportional to its absolute tem- 
perature and the density is inversely proportional 
to the volume, the density of a gas is inversely 
proportional to the absolute temperature. 

The densities of air, and of flue gas having on 
the average a molecular weight of 30.5, are shown 
in Fig. 274, as functions of the temperature in 
degrees Fahrenheit. 

Density.—Circulation of gases caused by “stack 
effect’’ may be illustrated by a diagram (Fig. 284), 
in which A represents a column of air at 60°F. and 
B a column of air of the same height at 600°F. 
Since the density of air at 60°F. is 0.076 and at 
600°F. is 0.038 lb. per cu. ft., there will be an Fic. 284.—Diagram 
unbalanced force of 0.076 — 0.038, or 0.038 Ib. illustrating stack effect. 
per cu. ft., acting to force the cold gas down 
column A into B. Under normal conditions column A is not enclosed 
but is represented by the outside atmosphere. The net “stack 
effect’”’ is then the difference in densities of the hot gas in the column B 
and of the outside air. This “stack effect’’ is present in all places where hot 


P 


Percentage of Entering Temp. Diff: 


0 40 80 120 160 200 240 280 320 360 400 
Height of Chimney, feet 


Fig. 285.—Factors for determining the mean temperature of the gases in 
chimneys. 


gases rise, including chimneys, regenerators, and vertical furnaces, and 
must be considered in determining pressure losses. Its actual value may 
be obtained from the difference in densities or, since the density isa function 
of the absolute temperature, it may be calculated from the equation 


29 My 
+ ; 1 
Ap = 0.00881P (7, 7H (19) 
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when Ap = draft in inches of water. 
P = barometric pressure (inches of mercury). 
M, = molecular weight of hot gas (29 for air; 30 to 31 for flue gases). 
T, and 7, = temperature of air and hot gas (degrees Fahrenheit absolute). 
H = height in feet. 


Mean Temperature.—The temperature 7’, to be used in this equation is 
the mean temperature (degrees Fahrenheit absolute) of the column of hot 
gas. In the design of chimneys, this temperature cannot be taken as the 
temperature at the base of the chimney. Cotton® gives the following 
method for determining the mean value, using Fig. 285. 


t,; = temperature of atmosphere (degrees Fahrenheit). 

t2 = temperature of hot gases at base of stack (degrees Fahrenheit). 
P = factor appropriate to diameter and height from Fig. 285. 

tm = mean temperature of gases in chimney (degrees Fahrenheit). 


in = (ty aa t,;)P + ty (20) 
For most cases this may be reduced to 
Gea = Pts (20a) 


without introducing any serious error in calculation. 

Effective Draft.—The effective draft for a given chimney is the draft 
(Eq. (19)) minus the friction loss (Eq. (5)). This effective draft must be 
equal to the sum of all pressure drops throughout the system, including 


340 


Height in Feet 


Height x Diameter 


i218 \4 15 I@ IT 18 19 20 
Diameter In Feet 
Fia. 286.—Chimney size, giving combinations of height and diameter. Height 
vs. diameter, full line. Height times diameter, dotted line. 


dampers serving to regulate the amount of draft. In the design of such a 
system, a balance thus exists between the size of flues and the size of chimney. 
The smaller the flues the greater the chimney height to maintain the neces- 
sary draft. The minimum height of a stack often is fixed by the necessity of 


discharging the gases at a sufficiently high level to protect surrounding 
property. 
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Stack Diameter—The question of stack diameter is one of friction drop 
entirely. The stack should be sufficiently large so that at high loads the 
friction will not be great enough to reduce the available draft materially. 
The design of stacks to take care of the combustion products from furnaces 
is essentially that of determining minimum height. The minimum diameter 
of a brick chimney, due to bricklaying difficulties, is 27 in. and the smallest 
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Fira. 287.—Available draft at chimney base for various rates of gas flow and 
various chimney diameters. 


size usually built is 30 to 36 in. This diameter is sufficient for most smaller 
furnaces, so that determination of diameter is important only on large instal- 
lations. For small furnaces, steel stacks may be used and the diameter 
made only large enough to give the required effective draft. 
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From a rigid friction-drop standpoint, there may be an infinite number of 
solutions to any problem in the design of flues and stack to operate in a given 
system. If the flues are made smaller, the stack must be higher, while large 
flues do not need such a high stack. Practical limitations of sizes, economic 
consideration of construction costs, and required rates of flow in various 
sections confine the sizes within narrower limits. For example, the cost of a 
chimney is approximately proportional to the product of the height and the 
diameter. The proper chimney to build is the one which gives the lowest 
value of this product. In determining the size, the diameter first may be 
assumed and the height calculated. The values of the product of height 
and diameter will fall on a curve® such as Fig. 286 and the cheapest chimney 
in the case illustrated is one which has a diameter of 14.5 and a height of 
238 ft. According to Sibley and Delaney,® the chimney of lowest first 
cost is one in which the available draft is four-fifths the theoretical draft. 
Figure 287 gives® the available draft for various rates of gas flow and chimney 
diameters per 100 ft. of chimney height. The dotted line in Fig. 287 indi- 
cates the chimney of least first cost. 

The following example illustrates the method for determining chimney 
size. A new chimney is to be built for two 500-hp. B. & W. boilers, to 
operate at normal rating, with maximum loads of 150 per cent rating, using 
high-grade run-of-mine bituminous coal with a heating value of 13,800 B.t.u. 
per lb. The grate area is 80 sq. ft. and the boiler tube area 5000 sq. ft. in 
each boiler. No economizer is used and the temperature of the gases enter- 
ing the stack is 625°F. The breeching is very short and large in area and 
the pressure drop through it may be neglected. The size chimney which 
should be built is calculated as follows: 

Step 1. Calculate amounts of coal and of flue gases (assume for purposes 
of illustration 10.0 lb. air theoretically required per lb. coal, 50 per cent 
excess air, and 60 per cent efficiency, 7.e., a design for poor conditions). 


= 3030 Ib. of 
coal per hr. 
per boiler 


If coal has 8 per cent cinder, then the weight of coal in flue gas = 
(100 — 8)(3030) = 2800 Ib. per hr. or total weight of flue gas = 48,300 lb. 
per hr. 
Step 2. Determine loss through fuel bed. 
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From Fig. 276 pressure drop for bituminous run-of-mine coal (high-grade) 
at 38.3 lb. of coal per sq. ft. is 0.56 in. of water. 
Step 3. Determine pressure drop through boiler. 


vee IS 
cu. ft. per 
sq. ft. 


From Fig. 277 pressure drop through a B. & W. boiler at 18.8 cu. ft. of air 
per 10 sq. ft. of boiler surface is 0.53 in. 

Step 4. Assume or determine a suitable gas velocity and calculate chim- 
ney height and size. 

Assume velocity of 30 ft. per sec. 


Air used = 


Volume of gas = 


2,725,000 _ 
3600. — 757 cu. ft. per sec. 


= 25.3 sq. ft. area of stack, or, diam. = 5.68 ft. = 68.2 in. 


757 

30° 

Velocity head = 0.186 u%s = 0.186 X 302 X 0.00057 = 0.09 in. water. 

Calculating the pressure drop in chimney from Eq. (5), where, d = 68.2 in., 
u = 30ft. per sec.,s = 0.018, 


and - — = 68.2 X 0.30 X 0.018 = 3.68. 


From Fig. 273 friction factor (very rough) = 0.00209. 
2 5 é 

cs, ea Ni Hi a ope 

100 ft. 
Find the mean temperature of stack gases; assume the height to be about 
150 ft. The correction factor (for a 6-ft. diameter stack) from Fig. 285 is 
0.80 and the mean temperature is, therefore, approximately 500°F. The 
total draft produced per 100 ft. (Eq. (19)) when the flue gas is 500°F. and 


the air at 70°F. is 
29 30 
Na) = 0.00881 (30) (535 — 960 


The available draft (total — friction) is 0.621 — 0.075 = 0.546 in. water 
30°C. 
The draft necessary is 0.56 + 0.53 + 0.09 = 1.18 in. water. 
The chimney height must then be 
1.18 


(100) 9-546 = 216 ft. 


Then Ap 


) 100 = 0.621 in. water. 
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Similar solutions of the problem at different assumed gas velocities are 
possible. From the combination of heights and diameters, and a knowledge 
of building costs, the most economical size may be determined. From Fig. 
287, the size having the least initial cost may be determined as follows: 

Determine weight of gases: 48,300 X 2 = 96,600 lb. per hr. 

From Fig. 287 the chimney of lowest first cost for this weight of flue gases 
has a diameter of 66 in. and an available draft (at 500°F.) of 0.538 in. per 
100 ft. necessitating a chimney 219 ft. high to provide 1.18 in. draft. 

Distribution of Gases in Furnaces.—Aside from the question of friction, 
or pressure drop, there is a second factor of great importance in furnace 
design—the distribution of the gases. For large furnaces, such as open 
hearths and reheating furnaces, it may have greater influence on the working 
of the furnace than actual pressure drops. Whereas a consideration of 
friction losses determines size of gas passages, distribution is concerned with 
the shape and the location of the passages. Friction drop is most important 
in dealing with ports, flues, and chimneys, while in the working part of the 
furnace it is usually negligible, or at most, very small, and thus of little 
significance. On the other hand, the distribution of the gases often deter- 
mines the effectiveness of the furnace design. 

Groume-Grjimailo® compares the flow of gases in furnaces to the flow of a 
light fluid, such as kerosene, through a heavier medium, such as water. 
Kerosene represents the hot gases and water the surrounding air. The 
difference in density of hot gases and cold air is very great and the actual 
ratio of the densities may be as great as that of water to molten iron. Thus 
at 70°F. the specific gravity of air is 0.0012 and at 3000°F. the specific gravity 


of flue gas is 0.00019 and the ratio of the density of flue gas to that of air is 


.0001 ; : 3 : , 
ae = 0.158. The specific gravity of molten iron is approximately 6.7 


and the ratio of the density of water to that of iron is a =0.149 or in other 
words the density of hot flue gas to that of air is relatively the same as 
water to liquid iron. In this conception of gas flow, density is the predomi- 
nant factor. The great variation in the density of gases with tempera- 
ture may be noted from Fig. 274. Water may be made to flow downhill 
in a definite path by enclosing the bottom and two sides, asin ariver. Gases 
lighter than air may be made to flow uphill by enclosing the top and two 
sides. Thus, hydrogen will flow from one bottle to another through the 
inverted channel. Hot gases in furnaces do likewise and thus may be said to 
flow in a reverse manner to water. The hot gases will first fill the top sec- 
tion of a furnace and, as the quantity increases, they more nearly fill the 
entire furnace completely. By the use of models of various types of furnaces 
in which kerosene and water were utilized, Groume-Grjimailo® studied the 
action of several factors on the flow of gases. This method of study gives a 
good indication of the efficacy of furnace design, but does not take into 
consideration the effects of mixing and diffusion of the gases. These 
factors become more important at high velocities. Considering the flow of a 
liquid in a pipe, unless the discharge is at a higher level than the top of the 
pipe there will be a velocity below which the pipe will not be full. If 
hot gases are flowing through a pipe at a low velocity, they will, according 
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to Groume-Grjimailo,§ fill the pipe to a level at a definite distance from the 
top. From this basic conception, the flow of gases may be treated in the 
same manner as the flow of water and the various formule of hydraulics 
applied to furnace design. 

Hot gases tend to rise, due to the difference in density between the gases 
and the surrounding air, and the greater this difference the greater is the 
force acting to cause the gases to rise. Low density of a hot gas is equivalent 
to a pump forcing the gases upward. For example, in regenerators on an 
open-hearth furnace, the only force acting on the entering air used for com- 
bustion is the difference in the density of the hot air in the regenerator and 
that of the cold air surrounding the furnace. The pressure in the furnace 
itself is about atmospheric at the furnace level and the pressure at the air 
intake to the regenerators is atmospheric at the air-intake level, but the 
pressure at the top of the regenerators is slightly higher than atmospheric 
pressure. In other words, the force due to the difference in density between 
the hot gases and cold air for the height of the regenerators is sufficient to 
overcome the friction losses and to supply the necessary velocity head to 
the air. It should be noted here that the difference in atmospheric pressure 
between two points separated vertically by 20 ft. is about 0.31 in. of water. 

Since the force acting is greater at higher temperatures, it is impossible 
to obtain uniform heating of portions of a divided furnace where the flow of the 
hot gas is upward. As the temperature becomes higher in any section of a 
regenerator, for example, more of the gas flows through that section, since 
the energy available to cause flow becomes greater. In the cooler section 
the energy becomes less and it is conceivable that circulation of gases may 
take place within the regenerator, hot gases flowing up through the hottest 
parts and down through the coldest parts. 

Conversely, it is impossible to obtain uniform distribution of gases being 
heated when they are passing down through a regenerator. The force acting 
is greatest in those places where the gas flowing is the coldest and least 
where the gas is the hottest. The result is not only non-uniformity, but a 
large amount of ineffective furnace area, and a consequent lower tempera- 
ture of the heated gas. Thus, for uniformity, when gases are giving up heat 
to surroundings, the flow should be downward and, conversely, when gases 
are picking up heat from the surroundings the flow should be upward. 

Density of the gases is also a very important factor in the operation of 
kilns. In an up-draft kiln the hot gases rise to the top rapidly and pass out. 
If the opening at the top is large enough, the stream of hot gases may rise 
rapidly through the center of the kiln, with cool gases on the sides. The 
outlet may be reduced so that the time of contact in the kiln is increased and 
the hot gases forced to fill the entire volume. Even under these conditions, 
however, the gases which leave the top of the kiln are the very hottest gases. 
If the kiln is built on the down-draft principle, then the gases leaving are 
certain to be the coldest gases in the kiln, and will be at a lower temperature 
with greater economy of operation than in the up-draft kiln. For greatest 
uniformity of heat distribution, and for maximum economy, the gases should 
be removed from the kiln, or furnace, at the point of lowest temperature, 
i.e., the lowest point in the furnace. 
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These points may be summarized in the statement that, for greatest 
uniformity, maximum efficiency, and maximum capacity, gases giving up 
heat must flow downwards and gases receiving heat must flow upwards. 

From the analogy of the flow of water and the flow of gas, several of the 
formule developed for flow of water may be directly applied to the flow of 
gas. Several of these computation methods as advanced by Groume- 
Grjimailo’ are given in the following pages. 

Flow under Thick-crested Weir.—The formula for the flow of water over a 
thick-crested weir mav be expressed by the equation 

Q = Kby/2gH*’ 
where Q is the quantity of water. 
K is a constant. 
b is the length of the weir. 
H is the height of water in the reservoir above the weir level. 
When h represents the height of water above the weir, 
h = 44H 


and h = Rees 


The depth of the water flowing over the weir may be determined from the 
rate of flow if the constant A isknown. This same equation may be applied 
to the flow of gases under a weir, since the gases may be considered as ‘‘water 
upside down.” Yessman® gives the sia as 


eee es |e - 2) (21) 


where h is the thickness of the gas stream in Ts t is the temperature of 
the gas in degrees Fahrenheit, Q is cubic feet of gas at t°F., B is the width of 
the furnace in feet, and the value of A varies with hk and B, as shown in the 
accompanying table. 


TABLE CLIX 


Vauurs® or A To Be Usep In Ea. (21) 


Values of B, ft. 


3 ft | 6 ft | 9 ft. | 12 ft 16 ft 
1.0 2.28 2.36 2.40 2.42 2.43 
1.5 2.22 2.32 2.38 2.40 2.41 
2.0 2.15 2.29 2.35 2.38 2.39 
2.5 2.08 2.25 2.32 2.36 2.38 
3.0 2.01 2.20 2.30 2.35 2.38 


eee 


Reverberatory Furnaces.—A reverberatory furnace may be considered as an 
inverted weir and the depth of gases flowing through it calculated from the 
above equation. Tor efficient working it is necessary that the depth of the 
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gas stream h be as great as the height of the furnace, otherwise the hearth 
will not be bathed effectively in heated gases. 

This method of calculating furnace heights does not take into account the 
diffusion, eddying, and expansion of the gases, and for this reason may lead 
to erroneous conclusions. Groume-Grjimailo, however, cites examples to 
show that the calculation does give accurate indications of the effectiveness 
of furnace design, and the formula is worthy of wider use. 

When / is less than the height of the furnace, the distribution of the heat- 
ing gases will be poor and the rate and uniformity of heating will be 
decreased. In order to obtain the required heating effectiveness of such a 
furnace, it is necessary to increase the value of Q, or, in other words, the fuel 
consumption, and the economy of a furnace, are thus dependent on the 
height. If Q is not increased, the time necessary to heat the charge will 
be greatly increased on account of the poor contact between the hot gases 
and the product, and both economy and uniformity of heating will be sacri- 
ficed. In many furnaces the height of the furnace is determined by combus- 
tion space required and is much larger than that necessary for heating. 
The method outlined here assumes that combustion is complete before the 
gases enter the furnace. The producer-gas-fired open hearth is the most 
flagrant example of poor gas distribution from the point of view of direct 
heating. The height of the furnace is far greater than would correspond to 
the equation above, but the furnace must be large, since it serves as a com- 
bustion chamber and, in addition, large-size materials are used often in 
charging. 

Weir and Reservoir.—In certain cases the furnace may be so designed 
that it is not a thick-crested weir as above, but is a weir with a reservoir. 
That is, the crest of the weir may be cut to form two smaller crests with a 
depression between. When a reservoir of this type is used for the flow of 
water, the level of the water remains the same as with a thick-crested 
weir, but the velocity in the cistern is decreased. This relationship also 
holds with hot gases. The actual height h of the weir should be equal to 
the distance from the top of the outlet port to the bottom of the furnace. 
This type of furnace permits the heating of large materials while retaining 
the effegtive gas distribution of the thick-crested weir. 

Inclined Ports.—In order to overcome the tendency of the gases to flow 
along the top of the open-hearth-type furnace, it is necessary to incline the 
ports and utilize the velocity head of the gases to cause them to impinge on 
the hearth. The hot gases naturally will rise, due to the difference in den- 
sity between them and the relatively cooler gases in the furnace. ‘The force 
acting in a volume V is V(Pi — P2), where P; and P: are the densities of the 


: 4 Woe 
stationary and moving gases. The mass of the moving gas 1s * and the 
acceleration a is, therefore, 

Ve(Pa — Po) - (F5-). (22) 
ee as, 
g 


The curve showing the path of the gas is given in Fig. 288, where H repre- 
sents the maximum fall of gases. This fall must be at least as great as 
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the height of the port above the hearth in order to insure proper heating. 
The depth to which the gas will descend is 


y2 sin? a : 12, ‘ ) (23) 

n= 2 (RoR) 

and since density is a function of temperature and may be expressed 
1% 
Pai Pip 
The equation becomes : 

yee v5, 24 
Hisar) ie 


where 7; and 7, are the temperatures of the stationary and moving gases 
respectively in degrees Fahrenheit absolute. 

Thus if the angle of the center line of a port is 30 deg. (sin 30° = 0.5), the 
temperature of the hot gases 3300°F., the temperature of the cold gases 
600°F., and the velocity of the combustion products 60 ft. per sec., the 
value of H is 
(60) 2(0.5)? x 600 + 460 


64.4 i a, 


H= 


Fie. 288.—Path of gas in a jet. 


The value of H, according to Eq. (24), increases as the temperature of the 
stationary gases increases, until it reaches infinity, when the temperatures 
of the gases are the same. The minimum value is obtained when the gases 
in the furnace are cold, and the port should be so designed that the flame 
will impinge on the hearth when 7 is a minimum, and thus facilitate the 
sintering of the furnace bottom. The minimum allowable angle of inclina- 
tion when the temperature of the stationary gases is 40°F, (7, = 500) may 
be determined from the equation 


ein afoot = 500) : 
sina = 4, 29H 500” (25) 


where H is the difference in level between the port sill and the furnace bot- 
tominfeet. If His 3ft., V is 60 ft. per sec., and 7 is 3300°, 


64. 149 5800 800 
sina = = = 0.548 


60 
and a = 33.3°. 
This method of determining proper inclination is not rigid, since numerous 
factors come into play which are not accounted for by it. Among these 
are the combustion taking place in the jet and diffusion and turbulence in 
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the gaseous streams. The value of V and a when the air and gas ports 
have different inclinations must be determined from the resultant of the two. 

Summary on Distribution of Gases in Furnaces.—The foregoing discus- 
sion of gas distribution is not intended to form an accurate quantitative 
basis for furnace design because of the small amount of published data 
quantitatively comparing actual results with those calculated. The qualita- 
tive relationships derived are useful, however, in considering the rational 
design of new furnaces and in improving the operation of existing furnaces. 
Consideration of the density difference leads to: the following general 
conclusions: 

1. The furnace should be so constructed that the gases withdrawn to the 
stack are the coldest, and therefore are taken from the lowest section of the 
furnace. Heat distribution in up-draft furnaces, or where the outlet is near 
the top, will be much poorer than in the down-draft type. 

2. The height of the furnace above the hearth should be less than the 
depth of the gaseous stream calculated for an inverted weir (Eq. (21)). 
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APPENDIX II 
FLOW OF HEAT* 


The previous chapters have discussed the development of heat from the 
combustion of the various fuels. The mechanism of the transfer of heat 
thus developed to the material being heated is also of great importance. 


MECHANISM OF HEAT TRANSFER 


The flow of heat may take place by three distinct mechanisms, conduc- 
tion, convection, and radiation. These may be defined as follows: 

1. Conduction is the transfer of heat from one part of a body to another 
part of the same body, or from one body to another in physical contact with 
it, without appreciable displacement of the particles of the body. 

2. Convection is the transfer of heat from one place to another within a 
fluid (liquid or gas) by the mixing of one portion of the fluid with another. 

3. Radiation is the transfer of heat in the form of radiant energy from one 
body to another. A hot body gives off radiant energy which, on striking 
another body, may be partially reflected, partially transmitted, and par- 
tially absorbed. The amount absorbed is quantitatively transformed into 
heat except in very rare cases where photochemical reactions or other energy- 
absorbing effects oceur. . 

Heat Transfer by Conduction.—The basic principle governing the flow 
of heat by conduction is Newton’s Law, which, in general, states that the 
quantity of heat dQ flowing past a given section at right angles to the path 
along which the heat is flowing is directly proportional to the area of the 
section A, to the difference in temperature between the two faces of the 
section dt, to the time dé@ during which the heat is flowing, and is inversely 
proportional to the thickness of the section dL. This law may be expressed 
mathematically as 

dQ KAdt 
dé a dL (1) 


or, since this discussion deals only with constant rate of flow through any 
given section, 
Q_ KAdt 
feels (2) 
*Mainly condensed from Waker, Lewis, and McApams, “Principles of 
Chemical Engineering.” 
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where : the heat transferred between two faces (in B.t.u. per hr.). 


A = the area of cross-section through which the heat is flowing (in 
square feet. ) 

dt= differential temperature between the two faces (in degrees 

Fahrenheit). 

differential thickness of the section (in feet). 

a proportionality constant (B.t.u. per sq. ft. per °F. tempera- 

ture difference per ft. of length). 


dL 
K 


In other words, the equation states that the amount of heat which will 
flow through a body in a given time is directly proportional to the area and to 
the rate of change of temperature with the length (or the change of tempera- 
ture per unit of length), and inversely proportional to the thickness. 

Conductivity.—The proportionality constant K is called the coefficient of 
heat conductivity and is expressed as B.t.u. per hr. per sq. ft. per °F. tempera- 
ture difference, per ft. of length. The value of K varies widely for dif- 
ferent materials, and for any given material varies with temperature. Table 
CLX gives the values of K for a number of different materials. In many 
problems the introduction of a temperature coefficient is an unnecessary 
correction, since its value is less than that of the possible error in the value of 
K itself. This is not true, however, if the values for the particular material 
used have been determined accurately. 


TABLE CLX* 
CoEFFICIENT OF Hear CoNnpuctTriviTy oF Souipst 


(K = B.t.u. per hr. per sq. ft. per °F. difference per ft. thickness.) 


Experimental abe 
* temperature - teference 
Material range, degrees K num berd 
Fahrenheit 
(a) Metals 
SATAN 2. 2 oxvaata = Or AAS Ec! Sage en a ae 32-212 85 : 
PEST ABB iy CULO Wteent tetas eyo winla cat Tio she a (9 ai, Blpeh gyal 32-212 50d 

GOP VER MOLTO wre terete. etree Ara o)2 he ese el ein a axe At 68 238 1 
sia ph de At 76 37 1 
SVU OUICI GA ie den ects Se ME es ists equates at 32-527 40 1 
Cast, 3.5 per cent carbon by! At 86 36 1 
Deadae cok Site Gh che Fuse iet abe At 59 20 1 
Nigkel?: cxcitsoneae soa 68-392 32 1 
Platinum. 64-212 41 1 
Silver... At 64 243 1 
Steel. . At 82 25a 1 
SEUGI te erect ele 5 om At 32 35 1 
as cee ee ate Wich CH Sy s6 v \a'ja\ es. oldie a At 64 64 1 


* Wartxer, Lewis, and McApams: “Principles of Chemical Engineering,” p. 181. 

+ The presence of impurities, especially in the metals, may cause variation in the coefficient 
of conductivity of almost 100 per cent. 

a This is the lowest value usually quoted. 
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TABLE CLX.— (Continued). 


(b) Non-metals 


ASDEStORide nielcuse eis eros as plotalnrs weer aTA eta te Netra 100-1000 0.12 2 
Brick: 
Carborundian. a eteeertaisan’.a einer tie he Ate aL arare tee At 1800 5.6 2. 
Magnesia...... wes At 1800 1.8 2 
Mineseiys.s eee acted At 1800 0.75% 
Buildings)... sie aa oe ot nerd oree Oe $K3.4 At 1800 0.8 2 
Bilas joys Pah cays ced > vine seo > karte ane pete At 1800 0.5 2 
Kieselgubir scr tes P< iene oats crore ale ee biereigtel es oie At 1800 0.4 2 
Si-O=Coll 18 sos Garde tiews ude ome han ae aaestoter tee Ar 1800 0.03 2 
Brickiand mortarcwallsccc0.8 oodles solie teal Me cei ee Ong 
Portland,icement; neabiss. 50, so e.0<'4 aries eiee sarees At 95 0.5 2 
ODI PR hha vers cies Oc ear ns ee. cdo Gene iene 122-392 0.03 2 
Bileetrode carbon. .c sn a.26cm-0 3 etase sis ws acisre ois a 212-1700 0.32¢ 2 
Glassy dint sic. Sek Saale ase ae ome bee os ae. 50-59 0.3— 2 
Infusorial earth, 12.5 lb. per cu. ft......:..,..... At 122 0.05 2 
eatherty. 5. tet Pane ks ence See rete 72— 97 0.1 1 
Mineral wool.......... say Arhaba ee ecsnatae a a eee 70-350 0.03 2 
Map MOSIA sana See orto Seals nit ian ni enue Si Maat oe he 68-310 0.04 2 
RUD DEW a eraete eee AOR ees anise cee eGk at ante At 220 0.1 1 
fofsn aXe Rete nt ee aces Mie ee hie AY UrO mihacee, airors s acnnie 68-310 0.2 2 
Wood, pine: 
Parallel: Go MBGrsipvas phcuous! eye tune. ey Risiere aed ex od) menos Reo 0.07 1 
Perpendicular to: fibers... ssc ece aes Wate teeiad | Weare od ces 0.02 1 
Petroleum ol waaencte ne aa wee eee arses coe At 80 0.087 1 


(c) Gases 


te pe (ee evan Reference 
K at 32°F. |K at 212°F, tet SS 


0.0137 0.0174 3 

Carbon monoxide. . Len i Ce eee ets 3 
Carbon (dioxidmavern ca. oeeea te see eee teeie aes 0.00804 0.0120: 3 
OV POD, « a Buea aM ke owns, Re ate acorn es een eee te 0.0138 0.0180 3 
INE CLOMOR: Ss cet ec ny ine A Ae oe beeen cial vere aes 0.0138 0.0174 3 
ET vichnis POT 2, tton-. someee Nata ehh emnk size teense leben Mirena td 0.0101 0.0121 3 
IMBUb AD G:.;), a eonaetendae y Ricte chat hate ae ettte ee eh clateneaid O. 0174. He Sete 3 
4 


Pcl tao ee Aen sre Bengt ce iat ee Re ee tee ee Cen, 0.0095 0.0129 


+b Average of results from several sources. 

¢ The coefficient of conductivity of this material is given as only 10 per cent of this value 
by other experimenters. 

4 Numbers refer to following works: 

1. “Landolt-Bornstein Tabellen”’ (1905 ed.). 

2. Cart Hurtna: Met. and Chem. Eng., 9, 652 (1911). 

3. ‘Smithsonian Tables,’ Smithsonian Inst., Washington, D. C., p. 217 (1920 ed.). 
we core Vesuneraks Engineers’ Handbook,’ McGraw-Hill Book Company, Ine., p. 

ed.), 


Path of Constant Cross-section—The integration of Eq. (2) for each 
individual problem may be avoided in most cases by determining its inte- 
grated form for the two most general cases met in practice. For the flow of 
heat across a path of constant cross-section the integrated form of the equa- 
tion is 


Q KA(t: — ts)  KAAt 


pe oe ne ) 


where At is the temperature drop through the section and L is the length of 
the path of heat flow (in feet). 
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f Example.—The heat loss through a 9-in. brick and mortar wall 10 ft. high 
and 6 ft. wide (when the inner and outer temperatures are 330 and 130°F, 
Fespecsrvely) is 


Q _ KAAt _ 6400 
9 L Bit.u. 
per hr. 


Cross-section Proportional to Length of Path—Equation (3) is the simplest 
integrated form of Newton’s law and is frequently considered as the law 
itself. To use this form for cases where the area of the path varies, average 
values of the area must be employed. The most important case is where 
the cross-section of the path is proportional to the distance through which 
the heat is flowing, i.e., through cylindrical objects, and most generally 
through hollow cylinders (lagged pipes). The integrated form of the equa- 
tion for this case is 

Q KobN (t, a to) 


O58 ine ) (4) 


where N = length of the cylinder (in feet). 
b = a constant depending on the shape of the section through which 
heat is flowing (b = 27 if section is circular). 

Logarithmic Mean.—Equation (3) may be used to replace Eq. (4) if the 
proper value of the area of the path of heat flow is used. An average value 
must be employed because of the varying cross-section. The equation is, 
then, 

7 a AAD (3a) 
where A,, is an average area of the path of heat flow. The correct value 
of Aq, may be determined from the equation, 


A, — Ai 
La et 
(5) 


where A» and A, are the areas of the path at the two limits of the path. 
The average of two quantities determined in this way is called the logarith- 
mic mean and is a value frequently used in problems of heat flow. For cases 

where Az is less than twice Ai, the use of the arithmetic mean 
le (6) 


instead of the logarithmic mean introduces an error of less than 4 per cent and 
may be used. When A» is more than twice A, the logarithmic mean (Eq. 5) 
should be used. ‘The alignment chart* (Fig. 289) may be used to determine 
the logarithmic mean graphically. A line connecting two points on the 
outer curves intersects the middle line at the logarithmic mean of the two 
outer points. Thus, the logarithmic mean of 30 and 90, as shown by the 
line on the chart, is 54.8. 
* By E. H. M. Lehnhardt. 
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Example.—Caleulate the heat loss per 24 hr. from 100 ft. of 1-in. pipe 
carrying steam at 150 lb. gage pressure if the pipe is lagged with 2 in. of 
magnesia pipe covering (K = 0.04). The temperature is 90°F. 

Diameter of outside of 1-in. pipe = 1.315 in. 

Diameter of outside of lagging = 5.315 in. 

Temperature of steam at 150-lb. pressure = 366°F. 


Va 


10 
Egpation of Curve:| | J] 
teeseereceaa Ett 
90 
80\—- 
10 
| 
60 


Fig. 289.—Alignment chart for finding logarithmic mean. 


This may be assumed to be the temperature of the inner edge of the pipe 


lagging. 
Step 1. Obtaining the logarithmic mean area (Eq. (5)), 


ete 
ere 139.2 
2.3 lov 


Step 2. By Eq. (8a), 


) ‘< os \ 
< b > % s\s. 
0.04 15 366-90 12 = 
119,000 
Bait 
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The optimum thickness of pipe covering to be used on a steam line may 
be determined from an economic balance of cost of steam against cost of 
lagging. Figure 290 shows the heat loss for various thicknesses of lagging, 
with the cost of lagging and the value of steam saved. The curve of net 
savings is a maximum, under these conditions, at 2.8 in. 
Potential Concept.—The quantity of energy or matter transferred can be 
conceived as controlled by two factors: one a potential and the other a 
resistance factor. The familiar use of this concept is in electricity, the 


Basis: 15g. Ft of § "Pipe 

4 (St-Roort) -300°F 

85% Magnesia Covering 
K= 0.0/6 


Dollars per Year and Loss in Millions of B.t.u's per Year 


2 3 
Thickness of Lagging, inches 


Fig. 290.—Determination of optimum thickness of pipe covering. 


pasic equation for flow of current being he I, where £ is the potential 


factor (volts), R the resistance factor (ohms), and J the quantity factor 
(amperes). The rate of flow of current is here proportional to the potential 
difference and in the same manner the rate of flow of heat is proportional to 
the temperature difference. Equation (3) may be written in the same 
form as Ohm’s law: 
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5 IG : ; 
The resistance factor in this case 1s ray the potential factor is At, and the 


quantity factor is @. The transfer of heat thus may be considered as 


analogous to the flow of electricity. The amount of heat flowing 
through a number of resistances in series with one another may be 
determined by dividing the potential factor by the sum of the resistance 
factors, or j 

QO 7 At At 

(ee 1 2a Se Dee. Ls iB, 

Kilt’ hades Ag KS AS 

where Li, Ls, Ls, etc. are the lengths of the path of heat flow through the 
various resistances, and Ki, K», K3, etc. and A1, Ao, Az, etc. are the con- 
ductivities and areas of the corresponding resistances. 


bs 


(7) 


Solid or Liquid Surface 
by Convection 


Velocity of Motion of Fluid 
Sd ete aera aed pl eral? ee ee eC 


0 Distance from Liquid Surtace 
(out Into Fluid) 


Fie. 291.—Velocity in a fluid film—diagrammatic. 
When a number of resistances are in parallel the rate of flow is determined 


by multiplying the sum of the reciprocals of the resistances by the tempera- 
ture drop, or 


Q li 1 il 
ed Ee ee YS 
Ky 1 K2As KGaA 
or 
O / KA RAs nie 
0 G a ae at. (8) 


Heat Transfer by Convection.—When a liquid or gas is in contact with a 
solid, or when a liquid or gas moves over a solid surface, or when a gas 
moves, over a liquid surface, there is a film of the moving substance upon 
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the surface of the stationary one. This film has little motion, and acts 
toward the transfer of heat, vapor, or matter as though it were a separate 
material. Gases or liquids mix intimately in large spaces, due to the small 
frictional resistance, but at the surface of a solid the motion of the fluid is 
so small as to be almost negligible and the film may be considered as sta- 
tionary. <A plot of fluid velocity as determined by distance from a solid 
wall would be of the type shown in Fig. 291. Langmuir? experimentally 
showed the existence of this film by measuring air temperatures while 
gradually approaching a heated silver plate. At a point approximately 
0.1 in. from the edge of the silver plate the temperature began to rise rapidly 
until it reached that obtained by touching the plate. This film acts to 
retard the flow of heat energy or material and is of great importance in 
absorption, corrosion, and heat transfer. 

Film Coeffictent.—Although heat transfer by convection in a fluid is 
extremely rapid, due to low frictional resistance in the fluid and consequent 
intimate mixing, the transfer of heat from 
a solid wall to a liquid is comparatively to ts 
slow. Heat can be transferred through 
the stationary film by conduction only, Fluid 
but, having passed the film boundary, 
may rapidly distribute itself by convection 
through the main body of the fluid. 

Figure 292 illustrates the temperature 

gradient in a heat interchanger, where la 
heat is being transferred from one fluid Fre. 292.—Diagram illustrating 
to another fluid through a solid wall. film concept. 

The temperature throughout each fluid 

is essentially constant except near the boundary. The maximum temper- 
ature drops are (t,t) and (t;-ts) through the stationary films at the solid 
surface. 

Since the thickness of the fluid film is not susceptible to accurate measure- 
ment, the conduction Eq. (3) is expressed for this case as 
2 = hA(At), (9) 
K (conductivity of film) . s 

L(thickness of film) EEC IME & 
ficient his called the “film coefficient” or surface coefficient and is expressed 
as B.t.u. per hr. per sq. ft. per °F. temperature difference. The value 
of At is the temperature drop from the surface of the solid to the edge of 
the film, or ts_t, in Fig. 292. Since t4 is essentially equal to ¢;, the value 
used is f3_t5. 

Although the film coefficient h is probably the most important of any in 
the consideration of heat flow, it cannot be evaluated as simply as can the 
conductivity coefficient K. The variation of h under many conditions can- 
not be estimated except qualitatively. Its value depends on the physical 
characteristics of the fluid, the nature and the shape of the solid surface, 
and the velocity of the fluid past the solid boundary. Any mechanism which 
tends to disrupt or to decrease the thickness of fluid film increases the rate 
of heat transfer or the value of h, 


& 


where h replaces the term 
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Overall Coefficient.—The rate of heat flow in an interchanger as in Fig. 292 
may be determined from the concept of series flow, where the resistances are 


ems ? , 1 L 1 
the two liquid films and the intervening wall, Fn Ay and hyAy? Te8PeC- 


tively. The sum of these resistances may be replaced by an “overall” 
; 1 . 
resistance H and the resultant equation becomes 
Q_ At 
0 1 L L 
. ee Oe ee On tee 
where H = overall coefficient of heat transfer. 
Aa, = average cross-sectional area of path. 


p weleela\ eis lps] 


| witcaahe Curve of Ol 


= HA,,At, (10) 
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10 
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“0 80 100 120 140 160 180 200 220 240 260 280 300 
Temperature, deg. fahr. 


Relative Viscosity -Z 


Fig. 294.—Viscosity curve of oil. 


Early investigators used the ‘overall coefficient,” but since any factor 
which influences any one of the resistances involved does not affect the over- 
all coefficient to the same degree, it is impossible to calculate or to forecast 
the value of H directly. The logical and simplest method is to determine 
each resistance separately, then combine and use them in Eq, (10). The 
calculation of the film resistances is taken up below. 
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Forced Convection. —One of the most important cases of the film coefficients 
for liquids is that for a liquid flowing rapidly under pressure inside a pipe. 
As a result of a critical survey of the results of many investigators, McAdams 
and Frost® found that such a film coefficient varies directly as fluid conduc- 
tivity, inversely as the diameter of the pipe, and is a function of the modulus 


oO where D is the pipe diameter, U the linear velocity, p the density, and 
Z the viscosity of the fluid relative to water. Figure 293 gives the values of 
hyD 


—- for various values of = and since D is known and K may be deter- 


K 
mined from tables similar to Table CLX, the value of hz to be used in Eq. (9) 
may be calculated. This same plot may be used for liquids flowing in the 
circular space between the pipes, if the diameter D is taken as that of a 
pipe having the same hydraulic radius as the circular space. The equation 
of this line (Fig. 293) is 


K (7)? ~ 
Z 23.3K U®-8p9-8 
h = 23.3 D Se age] 05277 0c mal (11) 


The following example indicates the method of using the above equations. 

_— Example.—An oil, having a specific gravity of 0.936 and a viseosity curve 
as shown* in Fig. 294, enters a double pipe heater at 85°F. Live steam at 
100 lb. per sq. in. pressure is inside a 114-in. pipe and the oil is in the circular 
space between the 114 and a 2-in. pipe. The heaterf consists of seven 
pieces of pipe, each 17 ft. long, connected by double bends. What will be 
the exit temperature of the oil when flowing at a velocity of 6 ft. per sec. 


] 
Step 1. Determine ae 


Outside diameter of 114-in. pipe = 1.66 in. 
Inside diameter of 2-in. pipe = 2.07 in. 
For annular space mean hydraulic radius m = area of annular space 
divided by the wetted perimeter = 
(dy? am d,?) 
— _d—d 
md2+di) 4 ” 
where d, is the outside diameter of the small pipe and d» the inside diameter 
of the large pipe. Since the equivalent diameter of a section is 4m, the value 
for this case is dy) — di, or 2.07 — 1.66 = 0.41 in. 
To determine the average value of Z, assume the exit temperature to be 
about 200°F. 


Temperature of steam, 338°F. 
Temperature entering oil, 85°F. 
Temperature exit oil (assumed), 200°F. 
Assume temperature drop through pipe negligible, then average tempera- 
oh ar . 338 + 85 
ture of the oil film at entrance is oS = 212°F. and at exit it is 
*See oil p in Fig. 34, Chap. VI. 
{See Fig. 182, Chap. XVI. 
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ae = 269°F. Viscosity at entrance (Fig. 294) = 8.0 and at exit 
= 4.2. Average viscosity = sts =6.1 
DUp _ 0.41 X 6 X 0.936 X 62.3 _ 95 5 
Z 6.1 

Step 2. Determine hy. 

From Fig. 293, ee = 290. 

From Table CLX, K = 0.087. 

hy = 2000-087) _ 61.5 
From Eq. (11), h = cae EN = 61.7 


Step 3. Determine area of heating surface. 
Outside area of 114-in. pipe = 


1.66 X x 
7X7 X ~“F 


= 51.7 sq. ft. 


Step 4. Determine 2. 


Specific heat of oil = 0.50 (Table LV, Chap. X). 
(2.072 — 1.66?) 


Tv 


Area of oil space = , xa) 


4 
= 0.00835 sq. ft. 
Volume of oil per hr. = 


= 10,500 Ib. per hr. 
or 1350 gal. per hr. 


: = 10,500 X 0.5 X (t — 85), where ¢ is exit temperature of the oil. 
Step 5. Calculate At. 
Steam at entrance = 368°F.; oil temperature = 85; At = 283. 
Steam temperature at exit = 368°F.; oil temperature = t; At = 368 — 1. 
; i 283 — (368 — t) ee 85 
og mean 3 iene Dee. 
2.3 log 368 —t 2.3 log 368 —1 
Step 6. Substitute values in Eq. (9). 
(t — 85) 
10,500 X 0.5 X (t — 85) = 61.7 X 51.7 X ae 
a5 108 est 
283 
log 368—t ~ 0.265 
283 = 1.84(368 — 2) 
1p ee PAN 


The value of Z, determined from assumption of 200°F’. exit temperature, 
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. 338 +214 
may berecalculated. Whent = 214, temperature of the film is ae ES 
. 84+ 4.1 ee 
276° and Z = 4.1. The average value of Z is ‘i= = 6.05, which is so 


close to 6.1, as calculated from the assumed temperature, that the correction 
is negligible. 

The temperatures of the oil, calculated in this manner for various rates of 
oil flow, are shown in Fig. 183 of Chap. XVI. 

Natural Convection.—Where only natural convection takes place two 
other types of liquid film occur in practice, first, when the liquid is boiling 
and, second, where the liquid is not boiling. When the liquid is not boiling, 


ca 
i 
St. Film Coeff. (hy) 
Btu. per hr. per sq.ft. per deg. F. 


100 90 80 10 ©0 50 40 30 20 10 ae 
Per Cent Air by Volume 
0 10 20 30 40 50 60 0 80 90 100—> 
Arith. Ave. Volume Per Cent Steam 


!-Recalculated Data of pene and Eskew 
2-Arzoomanian and Alpert 


Fie. 295.—Effect of air on the film coefficient from condensing steam to pipe. 


values of h from 50 to 300 may be encountered with water, while for more 
viscous fluids the value may be as low as 10 to 20. Stose and Whittemore‘ 
give the following empirical relationship governing the value of h in sugar 
solutions. 
33.6(Ad) 9-412 

Zz. 314 
For boiling liquids the value of h is much higher, due to the dis- 
ruption of the liquid film. No values of the film coefficient under these 
circumstances are available, but values of the overall coefficient from con- 
densing steam to boiling liquid, ranging from 130 to 510, have been deter- 
mined in evaporators in sugar factories.® 

Condensing Vapor Films.—Extensive experiments have been carried out 
to determine the value of h from condensing steam to a solid. The values 


h= (12) 
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vary from 1400 to 3400, and since the effect of all factors is not known, an 
average value of 2000 is recommended. For other condensing vapors the 
equation 
K 

hy = 2200 Zz’ (ile}) 
where K equals the conductivity of the condensing liquid and Z equals its 
viscosity relative to water, may be used as an approximation. ‘The effect 
of non-condensible gases is extremely important in connection with heat 
transfer through condensing vapor films. Figure 295 shows the results of 
two investigators®’ on the effect of air in steam on the value of hy. 

Gas Films.—The resistance to heat flow offered by gas films is always 
much greater than that offered by liquid films. The film coefficient of a 
gas depends on the thickness of the film and the conductivity of the gas, 
which, in turn, depend on the film temperature. The value of the gas film 
coefficient hg is not accurately known for natural convection conditions. 
Langmuir? from experiments with a silver disc gives the equation 

he = 0.28(Aé)9-25, ‘ (14) 
where hg is the coefficient from a vertical surface. For a horizontal disc 
Langmuir? found the coefficient to be 10 per cent greater on the upper side 
and 50 per cent less on the lower side as compared with the sides of vertical 
dises. The equation! recommended for estimating the convection from 
vertical walls is 


he = 0.7 + oe a (15) 


where At is the difference in temperature between the wall surface and the 
surrounding air. 

With higher velocities, caused by forced convection, inside pipes or flues 
the value of hg becomes higher as the film becomes thinner. Although a 
large amount of experimental work has been carried out to determine 
value of hg, most of it has been for special conditions, and empirical for- 
mulas have been developed for special cases. Weber® considered all avail- 
able data and derived the following equation, which is recommended as the 
most general and reliable one to be used when gases flow through pipes and 


flues: 


where V is the mass velocity of the gas eer per sec. per sq. ft.). 
T is the temperature of the gas (degrees Fahrenheit absolute). 
S is the surface factor, 7.e., area of surface (square feet) divided by 
volume of open space through which gas is flowing (cubic feet). 


: 4 
For circular pipes S = 7 
C, is the average specific heat of the gas at constant pressure. 
M is the average molecular weight of the gas. 
The data for this equation were obtained in pipes from 14 to 2 in. in 


diameter, for temperatures from 70 to 2000°F., and gas velocities of 1 to 
20 lb. per sq. ft. of free area per sec. These Ratieten: must be considered 


in applying the equation to larger pipes. For ordinary calculations with 
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air inside pipes of 1- to 2-in. diameter the equation becomes approximately 

he = cV°, (17) 
where c varies between 3.7 and 4.5. For air at 200°F. in a 1-in. pipe the 
value of c is 4.2 and the value changes as indicated by Eq. (16). 

The equation governing the values of hg outside pipes was developed 
by Carrier? from tests on various heaters in which air flows at right angles 
to the length of the pipes. The equation is 

22.3V 
lo- Vie 
where V is the mass velocity in pounds per sec. per sq. ft. of free area at the 
line of centers in any row. 

Optimum Velocity—Anything that increases the pressure drop through a 
system also increases the coefficient of heat transfer. Greater friction and 
disruption of the gas film decrease the film resistance to the transfer of heat. 


(18) 


600 


ot 
co] 
oO 


> 
=] 
oO 


Annual Charges, dollars per year 
wo 
o 
(=) 


Go 
° 
i 


al a 


10 15 


a 20 
Initial Air Velocity, ft.per sec. 


B 


Fie. 296.—Optimum velocity in an air heater (by an economic balance). 


In the design of air heaters there is an optimum velocity where the cost of 
the heater plus the power cost isa minimum. In Fig. 296 the fixed charges 
and power cost for heating 10,000 cu. ft. of air per min. from 70 to 170°F. 
have been plotted versus the gas velocity. The minimum yearly cost from 
this plot occurs at a gas velocity of 10 ft. per sec. The actual velocity to 
be used in any case depends on the rate for fixed charges and the cost of 
power and should be determined by an economic balance of this type. 

Logarithmic Mean Temperatures in Heater Calculations.—In all types of 
heaters there is a variable temperature difference between the heating 
material and the material being heated. For substitution in any of the 
equations an average value, Atz,, must be used. If equilibrium has been 
established and each point within the system is maintained at a constant 
temperature, and the resistance to heat flow is constant throughout the 
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system, the logarithmic mean of the values of At at each end of the system 
gives the true average. 


Ate — At 

i= ae (19) 
2.310¢ —— 
Aty 


Where At; is over 50 per cent of At. the arithmetic mean may be used without 
serious error. The arithmetic mean usually gives a value which is quite 
high. For example, consider a countercurrent heater in which oil is being 
cooled from 150 to 25°F. by water which enters at 20 and leaves at 70°F. 
The temperature differences at the two ends are 80 and 5° and the logarith- 
mic mean value is 


0+ 5 

2 
correct value. The value as determined from Fig. 289 is 27.1. 

Heat Transfer by Radiation.—All materials emit and receive energy in the 
form of radiant heat. Part of the heat thus received is absorbed and the 
ratio of the amount absorbed to the total amount received is essentially 
constant for a given material. A substance which absorbs all the heat 
received, and for which the above ratio is unity, is called a “black body.” 
The ratio of the heat absorbed to the heat received is the black-body coef- 
ficient p. 

The total energy radiated per unit area for a “‘black’’ body is independent 
of the material and is proportional to the fourth power of the temperature 
of the body. Mathematically, this law may be expressed as 


| = bAT* (20) 


: F See, 
The arithmetic mean is = 42.5°F., or 57 per cent higher than the 


where b is a constant, A is the area (square feet), and 7’ is the temperature 
(degrees Fahrenheit absolute). 

Not all bodies may be considered as “‘black,’’ however, and the equation, 
corrected for relative blackness, becomes 


5 = bApT, (21) 


where p is the black-body coefficient. The values of p to be used in this 
equation are given in Table CLXI. 

The important factor is not the total radiation from a body, but the dif- 
ference in the heat radiated by two bodies at differenttemperatures. This 
net radiation may be determined by substituting in Eq. (21) the values of 7’ 
corresponding to the temperatures and subtracting the smaller from the 
larger. 

The net radiation between two parallel planes, indefinite in extent, and 
each at a constant temperature, may be expressed by the equation 

AN We T,\4 
oe | (z00) = (io) | es 


0 1 1 1 


mC pce oC 
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where 7’; and 7; are the temperature of the two planes in degrees F ahrenheit 
absolute, p; and p, are the blackness coefficients of the two vlanes, and Cis 
a constant (0.162). 


TABLE CLXI* 


RELATIVE RapiatING PowrErR OF SoLips BELOW 1600°C. 
(Ideal black body, 1.0.) ° 


Average Reference 
value (= p) number? 

Tron: 

Gasteant Get) oe ere 22 1 

OxtdIZeC sets hey eee cere eel eee ae 0.62 1 

Steel spolishediay a: Geer ae erie eee 0.20 2 

Sirsa, daukdelly Gpatoubrsel, . essa sans aan 558 0.907 
Copper: 

‘Polished. alae evata: britain Se 0.102 

Calorizédy iariaes pee pee oeicae e: 0.26 1 

Oxidized. ot Oe Uses. ee ee ats ee 0.72 if 
ANubaawavbaN TMM oye oe pe soe 0.50 1 
Goldenamel outs pen ae er eae ee 0.37 1 
Monelametal <. aaeecsskaek 2 ae eee 0.43 1 
Silvers tocat nck t Bes aie Cet a eee caine 0.03 1 
Gold, polishedaactemmacyoer.tee umear See ae 0.052 
Brass: 

VIO bis sehen heen ane ne 0.07% 

BAL DULL eon a 8 a Joos Reasearch, ae ance ar 0.23 2 
Zine: 

TSG is Wy. ceokes til ne aoe ee er ee ee Oel0% 

OM eer seseigee ook cy ges Re teacy see a 0.22 2 
Ain; polished Ak cn vasw is eee ere renee 0.10¢ 
INTC El ads arsed te cia, okie Oe ee eC een 0.352 
Mier Gurvet eta. aya, t Race eon eee pe ene 0.232 
PLS Gua ry a. tre catet «bare pee tee eee ae 0.244 


* Walker, Lewis, and McAdams: “Principles of Chemical Engineering,”’ p. 184. 
a Average of values given by various authorities. 

b Numbers refer to following works: 

1. Lanemurr: Trans. Am, Electrochem. Soc., 23 (1913). 

2. WamsLyer: Mitt. Forschungsarbeiten, 98 (1911). 


This equation also applies to spheres of large, and nearly equal, diameters, 
and may also be used as an approximation in the calculation of heat transfer 
by radiation in recuperators and concentric pipes. 

It may be shown mathematically that in a space entirely surrounded by a 
solid body, whatever the shape or blackness of the inner walls may be, the 
total radiation and reflection per unit area is the same as though the walls 
were black. Furthermore, any small body inside the enclosure receives as 
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much energy as if the walls formed a true black body. The radiation emitted 
from it is dependent on its coefficient of blackness, so that the net radiation 
under these circumstances is 


a — ae[(f)'~ (8) 0 


where A is the area of the smaller body (square feet). 


C is a constant = (0.162). 

p is the coefficient of blackness of the small body. 

T, and T, are the temperatures of the walls and the small body 
respectively. 


Example.*—A furnace at 1500°F. has an opening 2 sq. ft. in area exposed 
to surroundings at 70°F. Determine the heat lost by radiation from the 
opening. 


i 
0 100 200 300 400 500 600 ©7100 
AT = Temperature Difference, deg, fahr. 


Fie. 297.—Coefficient of heat transfer by radiation plus convection (he + hr) 
from bare pipes to a room at 70°F. 


Data: Black-body coefficient of surroundings . . 0.9 
Black-body coefficient of furnace. . . . . 0.9 


ie Aas 
Q (1500 + 460)* (70 +460) 
eos 0.162 0.9 2 = a000 =). ) (ae 1000) 100) 


0.291 * (148,000 — 800) 
42,800 B.t.u. per hr. 


For convenience in determining the heat loss from a hot body the loss by 
radiation and convection sometimes may be added together. Over short 
ranges the fourth power equation may be represented, approximately, as 
proportional to the temperature difference. Since this is a case of parallel 
flow, the equation becomes 


I 


ll 


we. 
6 


* For further application of this equation see following chapter. 


(he + hy) At 
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where fh, is the film coefficient for convection and h, is the simplified 
radiation coefficient. 

When the enclosing walls are at 70°F. the values of h, from 0 to 350°F. 
and 350 to 700°F. become 


At 6 
At m 
h, = Py 45 (350 to 700°F.). (25) 


Values of h. + h, from bare pipes to a room at 70°F. are given in Fig. 
297 for pipes 4 to 16 in. in diameter. Values of p for metals are given in 
Table CLXI. For most other materials, such as furnace walls, a black- 
body coefficient of 0.9 may be used without serious error. 
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APPENDIX III 


RATE OF HEATING 


In the previous chapter heat flow under equilibrium (constant) conditions 
only was discussed. Many heat-flow problems fall into that classification; 
that is, the process is continuous and, a short time after starting, tempera- 
tures throughout the apparatus become constant. In furnace work a 
considerable number of problems involving the flow of heat come under 
another class, namely, the process is not continuous and the operation con- 
sists In heating a material to a definite, final temperature. Heat-treating 
and reheating furnaces come under this classification and for the solution of 
such problems an entirely different method is necessary. 

Mathematical Development.—The basic equation expressing Newton’s 
law mathematically is founded on the conservation of energy. The heat 
remaining in a differential cube of material, that is, the difference between 
input and output, may be expressed as 


0*t a*t at 
‘ il 
K (3 a + oi)ae dy dz dé, (1) 
oe ae 07t O74 a*t : ¢ 
where K is the conductivity; —, =,’ and =, are the differences in the 
Ox? Oy Ox 


rates of change of temperature between the two opposite faces of the cube 
in each direction; dx, dy, dz is the volume; and d@ is the time. 
This may be equated to the increase of heat in the cube 


SO de dy ae 5 do, (2) 


: ot 
where SS is the density, C the specific heat, and 36 the rate of change of 


temperature. Equations (1) and (2) give the general form of Newton’s law 


K Ee at = _ Ot 


SC\ ox? an ay? a Oz? 00 


(3) 


Considering the case where equilibrium (constant) conditions are main- 
tained, with flow in one direction only, the solution of this differential equa- 
tion gives the usual form of Newton’s law as expressed by Hq. (3) in the 
preceding chapter. Considering unsteady conditions with flow in one 
direction only gives the basic equation 


K /art at 
SO (S) 00° (4) 


where a is the diffusivity and is usually designated as (a). 
765 
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Considering a slab of material with heat flow in one direction only, the 
heat flow through a unit area at the surface may be expressed as 


de — ie (5) 
and the flow from the surface into the surrounding atmosphere is 
dQ 
pcb ea Sh 6 


where h is the coefficient of heat transfer from the surface, t is the tempera- 
ture of the surface, and t, is the temperature of the atmosphere. 
Equating Eqs. (5) and (6) gives the differential equation 
dt oh 
in KH te) = 0. (7) 
Solution of Equations.—Assuming h and K to be constant over the tem- 
perature range in which the equation is to be used, Eq. (7) may be solved 
and from the solution the temperature distribution throughout the slab 
at any time may be determined. Similar equations and solutions have been 
set up for materials of different shape. The solution of such equations is not 
extremely difficult but is tedious on account of their unwieldy nature. A 
graphical method of solution, therefore, is advisable. 


ourface 
(2 el SS 


Midlplane a 
—-—---575---7 TF 
H vr 
R “Point at which 


! temperature /s required 
a a 
surface ~ 
Fie. 298.—Diagram showing rate of heating symbols. 


Variables.—The final temperature at any point in the material to be 
heated is a function of nine independent variables, in addition to the shape. 
These variables are: 


t, = initial uniform temperature of material (degrees Fahrenheit). 
t, = temperature of surroundings (degrees Fahrenheit). 
ce = specific heat. 
S = density (pounds per cu. ft.). 
6 = time (hours). 
ry = distance from center of material to the point at which the tem- 
perature is required* (in feet). 
Rk = one-half thickness of slab or radius of sphere or eylinder* (in feet). 
hezr = Surface coefficient of heat transfer between the material and 
its surroundings (B.t.u. per hr. per sq. ft. per °F.).+ 
K = conductivity of the material (B.t.u. per hr. per sq. ft. per °F.). 
*See Fig. 298. 
they iS the symbol used to denote the sum of the coefficient of heat 


transfer by convection h, plus the coefficient of heat transfer by radiation 
rj 1.0. here = Re + he 
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Combination of Variables.—Although it is impossible to present the effect 
of each of the variables independently and to make the tabulation compre- 
hensive, it is possible to combine them so as to obtain four non-dimensional 
groups of variables.1_ The variables are so connected that the rate of heat- 
ing is affected not by a change in one variable, but by a change in certain 
ratios. An advantage of non-dimensional variables is that either English 
or French units may be used in the original variables without affecting the 
numerical value of the final variables. 'The non-dimensional variables used 
are A, m, p, and r. 


a= ts —- t 
Co C=: (8) 
K 
aa (9) 
r 
Bee ass (10) 
ages) 4 K@) 
T= "Rh! — BCR? uf) 
1.0 
05 | 44 
Sida 
0.2 rae 
0.1 “A 
] 7 
0.05 Ss 
ee 
0.02 
iM e 
0.01 oa | | 
Ex 
\ “Op 
0.00. 7 aN a - 
o¢ om => 
0.00 } we 
0,00) 
0) | v2 oa 4 5 
= 


Fig. 299.—A versus 7 for slabs 


The first variable, A, is the ratio of unaccomplished temperature change to 
total possible temperature change, or the temperature difference between the 
heating or cooling metium ¢, and the temperature of the point under 
consideration, t, divided by the difference between the heating or cooling 
medium temperature *t, and the original temperature of material to be 
heated, t.. 


K 
The ratio of the resistance to flow of heat through the material R to the 


resistance to flow fo the surface of the material, h.4, is expressed by the second 


variable m. 
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The third variable, p, is the atio of the distance from the midplane or 
center line to any point at which it is desired to know the temperature to 
the total distance from the midplane or center line to the outer surface. 


Sl 
AU 


Fig. 301.—A versus 7 for spheres. 


4 


NSW 


The fourth variable, 7, or “relative time,” is the product of diffusivity, 
a’, and time, @, divided by the square of the distance from surface to mid- 
plane or center line R? see also p. 212. 
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Physical Constants.—The effect of these variables is shown* in Figs. 299, 
300 and 301, where A is plotted against 7 at various values of p and m for 
slabs, cylinders, and spheres. It will be noted that these figures are semi- 
logarithmic plots. Before using these plots, the physical constants for the 
materials to be heated must be evaluated. Of these, ¢,, t,, 6, 7, and R depend 
on the special conditions under which the operation is carried out. Walues 
of K, s, and c for various materials!?:34.5 and the corresponding diffusivities, 
a’, are shown in Table CLXII. See also p. 212. 


TABLE CLXII}2:3,45 


PROPERTIES OF Marertats Arrecting Rate OF HEATING 


Heat con- 


Be ee evi kl eatedinae® 


Density Si : 
aii gor Cm beue 


Material pounds per in B.t.u. per] ivity a? in 
cu. ff. ied a Per | hr. per sq. |sq. ft. per hr. 
F. ri 
ft. per °F. 
Silver eeertre A" anon - 656 0.055 242 6.91 
Wonpenewnt sn a). 554 0.091 223 4.43 
Algiminitinag, 2209 3.2 +4 168 0.215 116 eal 
ZAC 444 0.093 65.4 1.58 
Red rags? see nt ea 514 0.090 61.0 0.37 
BV ellow OTASS ee eee, DD. 0.088 49.5 0.66 
d Savbi(cye URove hoe renee eae Sew 490 0.114 39.0 0.70 
Gasiironteess 22. see 490 0.110 35.0 0.65 
Wrought iron......... 490 0.106 34.0 0.65 
Medium steel......... 490 0.165 34.0 0.42 
Steel(1 per cent carbon) 490 0.150 26.0 0.38 
Hardened steel........ 490 0.140 15.0 0.32 
Nickels ea a cate ae 3 550 0.093 34.0 0.66 
1 YW lk och aes ee eee 707 0.031 19.4 0.88 
Monel metal.......... 562 0.127 15.0 (0), Bah 
Graphite.............| 140 0. 160 9.0 0.40 
Timestone,.......-.-- 158 0.22 1.21 ~ 0.0090 
imevoriclkon. eae ele eae 107 0.22 0.34 0.0074 
Winters ste. 477. aie, 62.4 1.0 0.033 0.053 
Asbestos (paper)...... 26.0 0.196 0.104 0.0020 
Petroleumvroilon ssa 56 0.46 0.087 0.0034 
Rubberae ayia 73 0.30 0.085 0.00387 
Wood (kiln dried)..... 34.0 0.60 0.073 0.0036 


Classification of Problems.—Two classifications may be made of problems 
in heating: first, where the material is of low diffusivity or large thickness 
or both, and, second, where the material is of high diffusivity or small thick- 
ness or both. In the first case, heat diffusion through the material is the 

*These figures are adapted from the calculation of H. P. Gurnuy and 
J. Lurim.! 
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controlling factor, while in the second case heat transfer to the material is the 
controlling factor. Figure 302 shows diagrammatically the temperature 
gradients for these two cases. The line 1, 2, 5 represents the gradient in the 
first case and the line 1, 4, 5 represents the second case. Obviously, it is 
possible to have such conditions that both heat transfer to the material, and 
diffusion of heat through it, are equal in importance and the gradient in this 
case is shown by line 1, 3, 5. The heating of large pieces of materials, 
such as rubber, to relatively low temperatures (300°F.) falls in the first 
classification, while the heating of small pieces of metals to high tempera- 
tures (1500°F.) falls in the second class. The heating of large pieces of 
metals by gases at high temperatures may fall in the first class, but usually 
is between the two classes. 

The criterion determining the classification of the heating process is the 


value of m, or the ratio —- With high conductivity and low rate of heat 
c4r 


transfer to the material, the transfer of heat into the interior may be con- 
sidered instantaneous, while when the con- 
1 ditions are reversed, the surface material may 
2 be assumed to reach the furnace temperature 
instantaneously. In Fig. 300 curves are given 
for high valuesofm. Asm increases, the differ- 
ence between the temperatures at the surface 
(po = 1) and at the center (p = 0) becomes 
smaller. Above values of m = 12 the differ- 
ence is negligible. Since K for steel is 34, 
then when m equals 12, and A.,, is 17 or 
Heating Surface of  CarterofMateriap less (see p. 763), the diameter of a steel rod 
Mediurri fel Shayne OR dese e throughout which there will be no difference 
in temperature is 4 in. This value is obtained 

mace’ 302.—Temperature 


gradients through a material from the eqrauon 2 
being heated. <i xK ot KY, 
hR mh 


oO —+ Temperature 


i ‘ 3 1 ‘ 
The value of R under these circumstances is 7X12 76 ft., or 2in., and 


the diameter (2R) is4in. In the same way the maximum value of R for a 
copper rod, in which the temperature will be uniform (when h, , - = 17 or 
less), isp = 1.08 ft., or 13 in., and the corresponding diameter is 26 
in. Thus, when iron or steel rods less than 4 in. in diameter or copper rods 
less than 26 in. in diameter are heated in a furnace, where he, < 17 the 
temperature throughout the metal is constant and the controlling factor is 
the rate of heat transfer to the material. 

Value of heyr—The variable of most importance in determining rate 
of heating is h.,, the coefficient of heat transfer to the material. In most 
problems, values of A, the conductivity of the material itself, may be deter- 
mined from tables (as Table CLXIJ) or may be readily determined experi- 
mentally with sufficient accuracy for the purpose at hand. Values of hex, 
are more difficult to ascertain in the majority of cases. When the con- 
ductivity is low, and diffusion of heat is the controlling factor, a large error 
in hey, will have no great effect on the rate of heating. It is in such prob- 
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lems, however, that h.,, is most accurately known, since such problems 
are usually low-temperature conditions and the heat is transferred by con- 
vection and conduction. 

Low-temperature Heating—When heat transfer is by convection and 
conduction only (7.e., low temperatures), the value of h.4, may be approxi- 
mated from equations in Appendix II and the value of m, A, r, and p may 
readily be determined. 

For example, a slab of rubber is to be vulcanized in a steam-heated mold 
by heating from both sides at 200°F. and the temperature distribution at the 
end of 1 hr. is required, 


Data: 
Thickness of slab = 6 in. (.°.. R = \ ft.). 
Retsi= 0510?) = 0, 003875, K = 0085: 


Initial temperature, 70°F. 
Mold temperature, 200°F. 


Step 1. Determine m. 


K 0.085 


<a 0.11. 


i = 


or m may be considered as O in Fig. 299. 


Step 2. Determine Tr. 

_ a9 — 0.00387 X 1 
R 04)? 
Step 3. From Fig. 299 determine values of A for values of p between 0 and 

1, when m = 0 and7 = 0.620. 


p 1 0.8 0.6 0.4 0.2 0.0 
A 0 0.088 0.164 0.230 0.275 0.295 


= 0.620. 


+ 


Step 4. Calculate temperature corresponding to these values of A. 
te 200 —t 


at Cr 300 = 70 
“t= 200 — 130A 
P 1.0 0.8 0.6 0.4 0.2 0.0 
; 200 189 176 170 164 162 


These values of / may be plotted against p as in Fig. 303 to show the tem- 
perature distribution throughout the slab. Since the slab was heated from 
both sides, the temperature at corresponding points in each half will be the 
same. Ifa 3-in. slab were heated from one side only, the distribution would 
be the same as in one-half of the curve shown. 

Transfer of Heat at High Temperatures.—In heating metals in a furnace 
the heat may be transferred directly from the heating medium (or flame) to 
the charge, or it may be transferred to the furnace walls and then re-trans- 
ferred to the charge. The heat is transferred from the gases to the walls or 
charge by convection and radiation, and from the walls to the charge by 
thermal radiation. The amount of heat transferred from a flame by radia- 
tion varies widely with the degree of luminosity. A non-luminous flame 


hae FUELS AND THEIR COMBUSTION 


radiates only a small amount of heat (10 to 15 per cent of the total), while a 
very luminous flame may radiate a much larger proportion. Since heat 
transfer by radiation is much more rapid than transfer by convection at high 
temperatures, the luminosity of the flame is an important factor in deter- 
mining the value of h. 

Heating of Small Charge—The simplest case of high-temperature heating 
is one where a small charge is heated in a large furnace. Under such con- 
ditions the heat received by the charge is small compared with the heat 
capacity of the furnace, and the furnace-wall temperature remains practi- 
cally constant during the heating 
period. The amount of heat received 
by the charge from the flame is small 
and most of the heat is radiated to 
the charge from the furnace walls. 

The black-body coefficient of the 
Teepe ee Saketkosber | Charge is of major importance in 
Mold ct 200 deg tah ki determining the quantity of heat re- 
ceived by radiation. 

Black-body Coefficient of Metals. 

10 05 0 05 ro The results of experimental work® 

e : with small charges of copper placed in 
arid, SOR, Temperature sradion’ furnaces of varying, but large, volume 
6f oné hour inea mcld-at VOOCE. prove that under these circumstances 

the controlling factor is radiation of 
heat from the walls of the furnace to the charge. Even when oil-fired 
reverberatory furnaces or electric furnaces were used, the rate of heating 
followed the curve which would be expected from the radiation equation: 
dQ (Tw') _ (T4) 
FT 0.162 pA 100 ~ 100 )’ (12) 
where 7» represents the degrees Fahrenheit absolute of the walls and 7, 
represents the degrees F’. absolute of the product to be heated. Under these 
conditions the black-body coefficient for copper was found to be 0.5. Com- 
parative tests on iron, brass and copper in smaller furnaces indicated the 
same value for each of these metals, so that under these circumstances a 
value of 0.5 may be considered an average value for each. Other values of 
black-body coefficients may be found in Table CLXI. 

Graphical Method.—Solution of the radiation Eq. (12) for each case of 
heating by radiation is difficult, and in many cases impossible. The equa- 
tion may be converted* to an equation of the same type as the convection 
equation 


2 =h A(T. — T,) (13) 
* The radiation Eq. (12) may be rewritten as 
= = peA (ly = T)(2 a8 - Tt, + Ty 4 7 ,) (14) 
or, for any given values of 7’ and Tp, 
Q 


wae hA(T. — F5), 
where h, includes p, c, and the term (Tw? + Ty?7'p + TwT'p? + Ty3). 
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by substituting the proper value of h,, but the magnitude of h, will vary with 
the temperature of the wall and product. The values of the coefficient h, 
to be used in Eq. (13) may be calculated for any given wall and product 
temperatures from the term pe(Ty? + Ty27'p + 7,27 + 7,3). Figure 
304 shows the variation of h, with wall and product temperatures, calculated 
in this way for a black-body coefficient of 0.5. The values of h, determined 
from this plot may be used in conjunction with Figs. 299, 300, and 301 
to determine the time necessary to heat metal charges in furnaces. 

The value of h, varies during the heating period and an average value 
must be used The experiments cited above (with a small charge) indicated 


ooocVe0o 
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~ and Charge Temperatures : 
Black Body Coefficient of 0,5 Assumed, 


h; Btu. per Sq.Ft. per Deg. Fahr: per Hour 


0 0 400 600 800 000 (200 1400 1000 1800 2000 


Temperature of Charge 
Fia. 304.—Chart for determining the rate of heating. Valus of h, for equa- 


tion @ = h,A(Ty — Ty): 


that the true mean value corresponded to the arithmetic average within 5 
per cent, and therefore the arithmetic average of the initial and final values 
should be used. When the black-body coefficient of the material to be 
heated is not 0.5 the heat-transfer coefficient h, must be multiplied by the 
ratio of the actual black-body coefficient p to 0.5. 

Example.—A cylinder of medium steel 2 in. in diameter is to be heated 
from 100 to 1400°F. at the center in a large furnace at 1600°F. How long 
will it take to heat? 

Data; K = 34; a? = 0.42; R= }{2 = 0.0833 ft. 


h,(on 1600°F. line) at 1400°F. = 24 
h-(on 1600°F. line) at 100°F. = 9.8 
Average h, = 16.9 
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Since the black-body coefficient in this case is 0.5, the values of h, are 
correct as read directly from the chart. 

K 34 re 
~ h,R 16.9 X 0.0833 
1600 — 1400 200 
1G00K= 100 mr S00 pasa 
From Fig. 300, where A = 0.133 and m = 12, p = 1;T = 15.8 

sRatga Pld Te 


ee a Gy 
(1) 


Whence 6 = 0.26 hr., or 15.6 min., is the time required for heating. 

Factors in Heating.—Cases of the above type are not encountered very 
frequently in practice, except in heat-treating or hardening furnaces where 
small objects are heated. In such cases the above method of solution may 
be used with considerable accuracy. Such furnaces have a high ratio of 
area of furnace walls to area of charge, and therefore are operating much 
below their maximum capacity, and usually at relatively low efficiency. 
Uniformity of heating is the main factor. 

In the majority of large industrial furnaces the wall surface is utilized to 
its utmost and the calculation of heating rate becomes complicated by the 
importance of a number of other factors. Among these are: (1) the type of 
heating medium (temperature and luminosity of flame), and (2) the ratio 
of furnace-wall surface to surface of the product. A luminous flame trans- 
fers far more heat by radiation than a non-luminous flame at the same 
temperature. The effective ratio of wall surface to product surface is 
important, since when it is large most of the heat is transferred from the 
flame to the walls and retransferred to the charge. Obviously, the heating 
rate will differ widely in various furnaces. 

In order to determine the rate of heating it is necessary to know the rate 
of heat transfer from flame to charge and to walls by radiation and convec- 
tion and from walls to charge by radiation. The latter has been discussed 
under the previous case of small charges. The transfer of heat from the 
flame is more difficult to determine and accurate generalizations are 
impossible; the whole question of heat transfer at high temperatures is 
subject to errors in calculation or measurement of temperatures. An error 
of only 50° in flame temperature may cause an error of 10 per cent in the 
calculated rate of heating. 

Heat Transfer from Flames.—Heat transfer from flames may be by radia- 
tion and convection. The amount transferred by either mechanism varies 
widely in different applications. The coefficients of heat transfer for each 
case may be determined, and the sum of the coefficients used in the convec- 
tion equation. 

Influence of Convection.—The convection coefficient h, is approximately 
3 under the conditions of most commercial operations, and may be deter- 
mined from Eq. (16) of Appendix II. If the velocity of the gases is low, 
the value of he may become as low as 1.0 to 2.0. The major factors affect- 
ing the coefficient of heat transfer by convection, as shown by the equation 
referred to above, are the temperature and the velocity of the gases. Since 
heat transfer by convection is essentially a film proposition, any mechanism 


12 


m 


A= 
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which tends to decrease the thickness of film will also increase the heat- 
transfer rate. Causing the hot gases to impinge on the surface to be heated 
is the most common method of doing this. In the majority of cases, how- 
ever, the increase in heating rate to be gained in this manner is almost negli- 
gible for high temperature furnaces. The transfer of heat directly to the 
charge by convection is small and the convection coefficient of heat transfer 
for this reason may be considered constant under normal conditions at 
approximately 2 to 3 B t.u. per sq. ft. per °F. per hr. 

Influence of Radiation.—Heat transfer by radiation is proportional to the 
difference of the fourth powers of the absolute temperatures of the bodies 
emitting and receiving the radiation. For this reason radiation becomes 
more important as the temperatures increase. Figure 304 shows the values 
of the coefficient in the simplified radiation equation which correspond to the 
convection coefficient under the same conditions. While the convection 
coefficient h, remains essentially constant at 2 to 3, the corresponding radia- 
tion coeffichient h, for a 50 per cent black body increases from 3.5 when the 
furnace temperature is 1000°F. and the product temperature is 0°F. to 55 
when the respective temperatures are 2200 and 2000°F. For a true black 
body these values would be 7.0 and 110 respectively, and they show the 
tremendous importance of radiation at high temperatures. It is only when 
the furnace temperature is below 1000°F. that convection becomes of any 
great importance in heat transfer. Turbulence, is of course, very important 
from the standpoint of rapidity of combustion, which controls the rapidity 
with which heat is generated. In this manner turbulence also affects heat 
transfer. 

Radiation from the walls of a furnace to a metallic charge has been 
shown to accord with a black-body coefficient of 0.5, and the rate of heat 
transferred in this manner may be calculated readily. Radiation from the 
flame* to the walls and to the charge is not susceptible to the same methods. 
Neither the area of the flame nor its black-body coefficient is accurately 
known. In addition, the temperatures of charge and furnace walls are 
usually different, especially during the earlier stages of heating. For these 
reason any method of calculating rate of heat transfer to walls and charge 
must, of necessity, be approximate. 

Luminosity of a flame determines, to a large extent, its radiating power. 
Heat transfer from a strictly non-luminous flame would be chiefly by convec- 
tion. All flames carry a certain amount of dust particles and thus emit con- 
siderable radiation, while luminous flames transfer much of their heat in this 
manner. Table CLXIII shows the effect of luminosity on the rate of trans- 
fer of heat from flames to furnace walls as given by Trinks.7 The values 
given in this table are for certain conditions only, but serve to illustrate 
the great increase in heat transfer from luminous flames at high temperatures. 

Consideration of the fact that heat must be transferred from the flame 
to the walls of the furnace and to the charge, and that heat may then be 
transferred from the walls to the charge, shows the necessity of knowing 
flame, furnace, and charge temperature, and coefficients of heat transfer 
between flame and walls, flame and charge, and walls and charge. If 
the furnace is large and the charge is small, the controlling factor is radia- 


*See Chap. XI. 
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TABLE CLXIII 


Errect or LuMINosITY oN Heat TRANSFER FROM FLAMES 


(Flame temperature 200°F. above final temperature of product) 
hex = B.t.u. per sq. ft. of product per hr. per °F. 


h. +r When temperature to which product 
is to be heated is 


1200°F. 1600°F. 2000°F. 
pe oe ae oe Oe eS eee eee eee 
Non-luminous flame........... 6.0 Be5 Lei 
Semi-luminous flame........... 8.0 1125 LPO: 
Ibjohemiaraybtss wikwewlS).,.. 4554 540n0505- ial @) a I Mees 27.0 


tion from the walls to the charge and the rate of heating may be calculated. 
If the charge is large, the furnace temperature will be lowered and the rate 
of heat transfer from the flame to the walls and charge becomes the con- 
trolling factor. Calculations of heating rate in this case become more 
complicated. 

Wall Temperature-—Assuming no losses by conduction of heat through 
the furnace walls, the heat transferred to the walls at equilibrium (constant) 
conditions will be equal to that transferred to the charge from the walls, or 


¢ i hwA w(ty — tw) = hpAc(tw ~. te), (15) 


where ty is flame temperature, degrees Fahrenheit. 
tw is wall temperature, degrees Fahrenheit. 
tp is charge temperature, degrees Fahrenheit. 
hy is coefficient of heat transfer from the flame to the walls (B.t.u. 
per hr. per sq. ft. wall surface per °F.). 
hy is coefficient of heat transfer from walls to product (B.t.u. 
per hr. per sq. ft. product surface per °F.). 
A, is wall area, in square feet. 
A, is product area, in square feet. 


If the area of the charge, A,, is small compared with the wall area, A,,, and 
if the coefficient of heat transfer from the flame to the walls, h,,, is of the same 
magnitude as the coefficient of heat transfer from the walls to the charge, 
then the difference between the flame and wall temperatures T; — Ty is 
small compared with the difference between the wall and charge tempera- 
tures 7’) — Ty, and the flame and wall temperatures are nearly the same. 


Ane 
For example, if ras 200; T.. — Tp = 800; and a = 4; then, by substitut- 
AR ine 


ing in Eq. (15), the value of 7; — 7, is found to be only 16°F. That is, 
in a large furnace where the charge is small, the wall temperature approaches 


the flame temperature. On the other hand, if = 2; T. — Tp = 400; 


A 


Ag 
coat) 
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ond 5? = 4; then Ty; — T = 800°F. That is, when a very large charge 
is heated in a furnace the wall temperature may be far below the flame 
temperature. 

Available data on the values of the coefficient of heat transfer from the 
flame, hy, are meager and mostly inaccurate. Until such data are presented, 
values of the coefficient of blackness of the flame may be assumed as 
for 0.1 for non-luminous flames, * 0.3 for semi-luminous flames, and 0.4 for 
luminous flames. Flame temperatures under operating conditions do not 
approach theoretical values due to incomplete mixing, excess or deficiency 
of air, and radiation before combustion is entirely complete. For these 
reasons, a flame temperature at least 15 per cent lower than the theoretical 
temperature (after allowing for dissociation) should be used in calculations. 
By making these assumptions, coefficients of heat transfer may be calcu- 
lated, using Fig. 304 to determine the value of h, for a black-body coeffi- 
cient of 0.5 and multiplying the values of h, thus obtained by the ratio 
of the actual black-body coefficient to 0.5. The coefficient of heat transfer 
from the flame to the metal may be determined in the same manner. Aver- 
age values must be used to avoid tedious point-by-point determinations. 
For this purpose the arithmetic average is recommended because of its 
simplicity and because it is within the accuracy of other assumptions. 

Knowing the relative rates of heat transfer from flame to wall and from 
wall to charge, the effective temperature of the wall may be calculated from 
the equation 

eran Gr Wer) i — Wes Ale (Can — te) 

where a is the fraction of heat received by the walls which is transferred 
to the charge. This factor varies from 0.5 to 0.9, depending on the furnace, 
and may usually be assumed to be 0.8. The solution of the above equation 
involves a trial-and-error method, since both hp, and hy vary with the wall 
temperature ¢,. In other words, an approximate wall temperature must be 
assumed and the values of each side of the equation calculated. If they 
agree, the assumption is correct; if not, other assumptions must be made 
until the correct solution is found. Two substitutions will usually determine 
the temperature with sufficient accuracy. In the majority of cases, where 
the wall area is greater than 10 times the charge area, the temperature of the 
furnace may be assumed to be within 100°F. of the flame temperature. 

Heating Rate.—The heat received by the charge is the sum of that radiated 
to it from the walls, and that transferred by convection and radiation from 
the flame. When the wall temperature has been determined as outlined 
above, the values of the coefficient of heat transfer by radiation from the 
wall to the charge h, and from the flame to the charge hy may be determined 
from Fig. 304. To the latter, the convection coefficient h.t must be added to 
give the overall coefficient he, 


* Although the radiation equation is used to determine the amount 
of heat radiated from a non-luminous flame, this does not mean that the 
mechanism of the heat transfer is by thermal radiation, but that this equa- 
tion may be used for determining the amount. 

+ Usually h. varies from 1 to 3. 
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The use of these values in calculating the time necessary to heat a large 
charge in the furnace is difficult. If the wall and charge temperatures are 
nearly alike, the heating may be considered to be controlled by the rate of 
heat transfer from the wall. The method is the same as that used for small 
charges. When the wall temperature is considerably lower than the flame 
temperature, any method of calculating with required accuracy is tedious 
and usually impossible. The values of the coefficients as calculated in the 
above manner are indications of what the heating rates should be. 
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Thermometer Scales.—Let F and C denote the readings on the Fahrenheit 
and Centigrade (or Celsius) scales, respectively, for the same temperature; 


then 


28 


32 


Nh aAWO 


wy hawo 


C 


32 


C= 


2o(F — 32), 


F = ¥C + 82 
The table below gives corresponding readings on the two scales. 


CONVERSION OF THERMOMETER READINGS 


Degrees Centigrade to Degrees Fahrenheit 


F 


aL, 


howe 


bo 


VEBWHO NRAWO 


wR ODO 


c r je 
+40 |+104.0 [+175 
41] 105.8] 180 
42] 107.6 | 185 
43 | 109.4] 190 
44| 111.2] 195 
45 | 113.0] 200 
46 | 114.8] 205 
47] 116.6] 210 
48] 118.4] 215 
49} 120.2] 220 
50 | 122.0] 225 
55 | 131.0] 230 
60 | 140.0] 235 
65 | 149.0} 240 
70 | 158.0 | 245 
75 | 167.0 | 250 
80 | 176:0| 255 
85 | 185.0] 260 
90 | 194.0 | 265 
95} 203.0] 270 
100 | 212.0] 275 
105 | 221.0] 280 
110 | 230.0] 285 
115 | 239.0] 290 
120 | 248.0] 295 
125 | 257.0} 300 
130 | 266.0 | 305 
135 | 275.0] 310 
140 | 284.0] 315 
145 | 293.0] 320 
150 | 302.0] 325 
155 | 311.0] 330 
160 | 320.0] 335 
165 | 329.0} 340 
170 | 338.0] 345 


F 


Cc 
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TABLE OF VALUES FOR INTERPOLATION IN THE ABOVE TABLE 


Degrees Centigrade.............. uf 2 3 4 D 6 7 8 9 
Degrees Fahrenheit.............. TES: (3.60 vod. 7, 200020 Ons wae ee Lae Gee 


Fixed Temperatures.—The following fixed temperatures, adopted by the 
U. S. Bureau of Standards, are useful in the calibration of pyrometers: 


Deg. Faur. Deg CENT. 


Liquid: tin-solidities ater eens ate ee eee 449 232 
iquid! Lea diisoli ditties art ayer ee ten area ee a 621 327 
Ihiqiide zinc solrdities ates eer eter ee 787 419.4 
Thquidssulfurs boilstatene. v5 parte eerie ier 832.5 444.7 
Riquidtantimonty,.solidities) at. eter tei 1167 630.5 
Liquid aluminum (97.7 per cent pure) solidifies at....... 1216 658 
Salid'goldGmelitistatinec . ste oe tee neta neie Renee a een 1947 1064 
iquid’copperssoliditiess atest ere 1983 1084 
Solidimickel: melts; ethnics secee - o astocier se tele Ae tear 2615 1435 
Sclid palladiumemeltstate see see ee seers ee ee ent 1546 
Solidiplatimump melts s teeacere tt alte ee ee 3187 1753 


High Temperatures and Color.—High temperatures may be judged 
approximately by color, though the estimate of an experienced observer 
is likely to be 100°Fahrenheit from the true value. . The following table 
associating color and temperature of iron or steel is due to White and Taylor. 


Dee. Faure. Dea. Faur 
Dark blood red, black red..... 990 Orange, free scaling heat...... 1650 
Dark red, blood red, low red.. 1050 Light orange................ 1725 
Dank ichennyared amen acer 11752 .Yellow.cneer <2. eee 1825 
Medium cherry red.......... 1250 Lichicyellowe.e eee eee 1975 
Cherry, sul Tediasaeee ie 1375 SaWibites 3 oe car kn ieee eee 2200 
Light cherry, light red........ 1550 


ConveRSION Factors 


Mu.triety By To OBTAIN 
B.t.u. per lb. 0.55556 calories per kg. 
B.t.u. per cu. ft. 0.0089 calories per I. 
B.t.u. per cu. ft. 8.899 calories per cu. m. 
Calories per kg. 1.8 B.t.u. per Ib. 
Calories per I. 112.37 B.t.u. per cu. ft. 


Calories per cu. m. 0.11237 B.t.u. per cu. ft. 
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Accidents in gas plants, 609 
Accumulators for blue water gas 
sets, 614 
Africa, coal resources in, 97 
Air admission, to chain-grate stokers, 
387 
to hand-fired furnaces, 380 
to oil-fired furnaces; 494 
to overfeed stokers, 345, 391 
to pulverized coal furnaces, 430, 
452, 458, 459 
Air atomization for oil burners, 482 
Air, composition, 197 
specific gravity, 726 
specific gravity—telative vis- 
cosity ratio, 726 
viscosity, 726 : 
Air, cost of for oil atomization, 490 
Air enriched by oxygen, 594 
Air, excess (see also Excess air), 202 
effect on size of combustion 
space, 349, 353 
from flue gas analysis, 246 
graphical determination of, 246 
in coke-fired furnaces, 247 
in various furnace types, 493 
with air preheater, 423 
with powdered coal, 465 
Air leakage, in chain grate stokers, 
387 
in fuel beds, 343, 568 
Air preheaters, 418 
effect on efficiency, 424 
in boiler furnaces, 294 
leakage in, 421 
Ljungstrom, 421-422 
plate, 419 
results with, 422 
rotating, 421 
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Air preheaters, steam, 422 
tubular, 421 
optimum velocity, 760 
Air, primary, 333 
effect on capacity, 344 
effect on flame in gas burners, 
316 
for powdered coal, 429 
in combustion of coal on grates, 
336 
Air purge, 633 
Air, secondary, 334, 344, 347 
effect on efficiency of coal-fired 
furnace, 344 
for powdered coal, 430 
Air supply, for combustion, 198, 
209, 233, 300 
calculation of, 231, 233 
in hand-fired furnaces, 377 
most economical, 362 
Air transport system for powdered 
coal, 445, 446 
Air velocity, effect on rate of 
combustion, 340 
Air-blown gas-producer, 543 
efficiency of, 545 
heat balance on, 545 
troubles with, 546 
Air-coal ratio, 222 
Air-cooled furnace walls, 416 
with powdered coal, 459 
Air-gas mixture, B.t.u. per cu. ft. 
of, 302 
explosive limits (see also Limits 
of inflammability), 329 
flame speeds in (see Flame, 
Propagation of). 
Alaska, coal resources in, 94 
Alcohol, from blue water gas, 636 
heating value of, 11 
America, coal resources in, 86 
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Ammonia, from carbonization of 
coal, 664 
from low temperature coal car- 
bonization, 667 
recovery of, 712 
direct process, 713 
from producer gas, 588 
in carbonization, 712 
indirect process, 713 
Analyses, 200 
basis of gas, 201 
in furnace tests, 518 
of fuels, methods of approximat- 
ing, 254 
of producer gas, 571 
proximate, of coal, 24 
ultimate, of coal, 23 
use in combustion calculations, 200 
Anthracene, 649 
Anthracite, analysis, 51, 52, 53 
characteristics, 51 
composition, 51, 52, 53, 66, 68, 69, 
70 
consumption, by industries, 102, 
103 
energy from, 2 
fuel bed temperatures with, 340 
in China, 86, 97 
Pennsylvania, 89 
production, 8, 97 
properties, 51, 55 
pulverization, 442 
rear arch for combustion of, 389 
reduction of carbon dioxide by, 
155, 158 
value, 99 
Anthraxylon, 39 
Arches, 409 
calculation of length, 411 
construction, 413 
functions, 409 
ignition, 388 
mixing, 412 
with mechanical stokers, 459 
Ash (see also Cinder). 
analyses, 26 
effect of atmosphere on fusing 
temperature of, 378 
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Ash, fixed, 25 
free, 25 
fusibility of, 26 
fusibility tables, 27 
fusion, effect of on firing rates, 339 
fusion point of, 457, 459 
in coal, 25 
in coke, 705 
in gas-producer coals, 577 
in proximate analysis, 25 
removal from gas producer, 580 
Ash zone, 334, 335 
Asia, coal resources of, 96, 97 
Atmosphere, effect on cracking of 
gas oil, 627 
reducing, 331 
unit of pressure, 151, 196 
Atomization of fuel oil, 489 
cost of, 490, 492 
Attritus, 39 
Available hydrogen (see net hydro- 
gen), 225 
Avogadro’s hypothesis, 196 


B 


Back run process, 634 
Baffles, 415, 729 
horizontal, 415 
pressure drop through, 729 
vertical, 416 
Bagasse, 133, 134 
Balances (see also Heat balances), 
earbon, 202 
heat and material, 215 
nitrogen, 202 
oxygen, 203 
use of, 201, 215 
Banking losses with powdered coal, 
465 
Basis, choice of, for combustion 
calculations, 200 
of analyses, 200 
of heat balance, 514 
Becker type coke oven, 680, 681 
Beehive coke ovens, 671, 673 
Bends, pipe, loss of velocity head 
due to, 728 
Benzol, 649, 668, 714 
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Bergius process, 32 
Bernouilli’s theorem, 718 
Bettington boiler, 456 
Billet furnaces, 517, 531, 533 
Birkholtz-Terbeck burner, 324 
Bitumens, in coals, 34 
Bituminous coal, characteristics of, 48 
composition of, 49, 52, 53, 68, 
69, 70 
consumption, by industries, 102, 
103 
energy from, 2 
production, 3, 8, 9, 98 
properties of, 48, 55 
pulverization of (see Powdered 
coal). 
value of, at mines, 100 
Black body coefficients 762, 772 
Blast furnace, 517, 536 
gas burners, 323, 326 
heat balance, 536 
stove, 296, 297, 517 
Blowers, for air atomized oil burners, 
483 
Blowholes in fuel beds, 343, 389, 569 
Blow-purge, 633 
Blow-run, 632 
Blue water-gas, 598 
air-blow, 607 
as raw material for methanol, 
ete., 636 
blow-gas velocity, 616 
coke for, 711 
composition of, 282, 601 
Dellwik-Fleischer system, 615 
depth of fuel bed, 615 
description of plant, 602 
down-run, 608 
efficiency, 601, 610 
equilibrium, 600 
formation of, 549, 600 
gravity, 602, 606 
heat balance, 610 
heat recovery, accumulators, 614 
recuperators, 613 
regenerators, 613 
superheated steam, 614 
waste heat boilers, 612 


Blue water-gas, heating value, 282, 


547, 602 
length of cycle, 618 
operation of plant, 605 
steam decomposition, 606, 616 
tar, 625 
temperature of fire, 617 
up-run, 607 
uses of, 598, 599 
Blue water-gas generators, capacity 
616 
charging, 609 
cleaning, 609 
construction, 602 
fuel-bed depth, 615 
Boghead coal, origin of, 22 
Boilers, Bonecourt, 307, 308 
advantages of, 310 
efficiency of, 309 
heat balance of, 309 
Boiler furnaces, air preheaters in, 294 
arches, 409 
baffles, 414, 729 
calculation, 215-227 
graphical methods for, 246-250 
furnace throat, 414 
heat balance of, 220, 221, 226, 
309, 516, 528, 529 
radiation losses in, 524 
underfeed stokers with, 408 
walls, 416 
with powdered coal, 460 


Boilers, gas-fired, efficiency of, 530 


hand-fired, heat balances on, 528 
efficiency of, 525 
heat losses in, 526 
heat balances on, 220, 221, 226, 
309, 516, 528, 529 
oil-fired, efficiency of, 531 
powdered coal used under, 427 
Scotch, 458 
settings, 402, 460 
stoker-fired, efficiency of, 528 
heat losses in, 529 
tubes, pressure drop past, 729 
waste heat, 612, 674 


Bonecourt boiler, 307, 308 
Bradshaw burner, 324, 325 
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Briquets, 11, 113 
British thermal unit, 138 
B.t.u. per cu. ft., high and low; 
saturated and dry, 205 
B.t.u. per mol., high and low, 205 
Bunsen flame, radiation from, 275 
Bunsen type burner, 324 
Burner ports, 311 
of domestic gas burners, 314 
Burners, (see Fuel oil, Gas burners, 
Industrial gas burners, Pow- 
dered coal, Producer gas). 
By-product coke ovens, 671, 675 
construction of, 676 
types of, 676 
By-products of coal carbonization, 
649 
from gasification of coal, 260 


C 


Cahokia, furnace at, 457. 
Calculations, air for combustion, 
analyses in, 200, 231, 233 
basis for, 200 
boiler furnace examples, 215 
chimney size, 738 
cinder loss, 218, 223, 237, 238 
cold efficiency of gas producers, 
236 
combustion space required, 366 
excess air, 225, 233, 234, 242 
flame speeds, 270 
flame temperatures, 281 
flow of flue gas, 727 
flue-gas—producer gas ratio, 239 
gas producer, 227 
graphical methods, 245 
graphical methods for, 215, 246 
heat balance, 217 
heat balance on gas producers, 235 
heat in coal, 117, 223, 235 
heat in feed water, 217, 223 
heat in steam, 217, 226, 235 
hot efficiency of gas producers, 
237, 545 

latent heat in stack gases, 220, 226 
length of ignition arch, 411 


INDEX 


Calculations, lime kiln, 238 
lime-coal ratio, 240 
net hydrogen, 225, 231 
producer gas composition, 565 
producer-gas, 227 
producer-gas-coal ratio, 238 
radiation and unaccounted for 
losses, 220, 227 
rate of heating, 771 
sensible heat in stack gases, 219, 
224 
size of combustion space, 349 
specific heats of compounds, 214 
steam decomposed in gas pro- 
ducers, 231, 232 
theoretical flame temperature, 283 
undecomposed steam in gas pro- 
ducers, 230 
undeveloped heat, 220 
Calorized metal, 297 
Canada, coal resources in, 94 
Cannel coal, 29, 49 
Cannon radiation furnace, 496 
Capacity, blue water gas generator, 
616 
coal-fired furnace, 344 
mechanical oil burners, 487 
powdered coal equipment, 441, 455 
powdered coal storage, 445 
Caracristi Process, 699 
Carbo-coal Process, 699 
Carbon, action of steam on, 162, 
163, 549 
combustion of, 152, 158 
earbon dioxide theory, 173 
carbon monoxide theory, 173 
earbon-complex theory, 176 
equilibrium, 151 
rate of reaction, 152 
determination of, in coal, 23 
dioxide, dissociation of, 289 
formation of, in combustion of 
coal, 336, 338 
formation of, in fuel bed, effect 
of rate of firing on, 338 
in flue gases using air pre- 
heater, 423 
in producer gas, 571 
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Carbon, dioxide, reduction of, equi- 


librium, 152 
reduction of, rate of reaction, 
153 
effect of type on reduction of COs, 
Way, Uy? 
effect on heating value of coal, 55 
heat of combustion, 204 
in luminous flames, 280 
monoxide, combustion of in fur- 
nace, 188 
combustion of, mechanism of, 
185 
rate of, 189 
combustion of, under furnace 
conditions, 188 
formation of, in combustion of 
coal, 158, 337 
oxidation of, 159 


reaction with water, equilib- 
rium, 165 
reaction with water, rate of 


reaction, 165 
oxidation of, 336 
reaction with water, equilibrium, 
162, 164 
rate of reaction, 162, 164 
reduction of CO, by, 152, 548 
steam decomposition by, 549 


Carbonization (see also Coal, Car- 


bonization), 646 
by-products, 649 
changes in composition during, 
663 
coals for, 651 
coking tests, 652 
development, 649 
difference between high and low 
temperature, 667 
effect of heat on, 654 
effect of miscellaneous factors on, 
665 
effect of oven width on, 660 
effect of specific coals on, 666 
effect of steaming, 694 
equipment (see also Coke ovens, 
see Gas retorts). 
beehive ovens, 673 
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Carbonization, equipment, by-prod- 


uct ovens, 675 
comparison of, 671 
low temperature, 698 
for coke, 668 
for gas, 669 
importance, 647 
low temperature, 670 
Carbo-coal process, 699 
costs of, 671 
Greene-Laucks process, 699 
Laing & Nielsen Process, 700 
MacLaurin Process, 700 
Mathias Stinnes Process, 701 
Parr’s Process, 698 
Piron-Caracristi Process, 699 
mechanism of, 651 
path of volatile products during, 
661 
products of, 667, 705 
ammonia, 712 
benzol, 714 
coke, 705 
gas, 712 
tar, 715 
progress of, in oven, 655 
rate of, 657 
swelling during, 688 
temperature gradients across coke 
ovens, 657 
Carburetor, 621 


Carburetted water gas, 598 


air mixture, 619 
application, 619 
back-run process, 634 . 
blow-run, 632 
catalytic enrichment, 635 
checkerless carburetor, 629 
Chrisman down-run process, 629 
coal as generator fuel, 632 
composition, 282, 619, 620 
description of plant, 620 
heat balance of, 630 
Kramer and Aarts Process, 624 
oil-cracking, 624 

atmosphere, 626 

brick surfaces, 626 

enriching process, 625 
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Carburetted water gas, oil-cracking, 
kind of oil, 624 
temperature, 626 
time of contact, 626 
operation of plant, 627 
Pier Process, 634 
principles of operation, 630 
reverse air blast, 633 
twin machines, 623 
uses of , 619 
Casing-head gasoline, 132 
Catalysis, 150 
surface (see also Surface com- 
bustion), 291, 304 
Cellulosic constituents of coal, 33, 
34, 38 
Cell-type drier, for powdered coal, 
436 
Cement kiln, heat balance on, 536 
Central America, coal resources in,. 
95 : 
Chain-grate stokers (see Mechanical 
stokers), 386 
Channels, in gas producers, 568 
Chapman producer, 585 
Chapman-Stein recuperator, 298 
Charcoal, 11, 133 
reduction of CO: by, 155, 158 
Chimney design, 735 
China, coal resources in, 86, 97 
Chrisman down-run process, 629 
Cinder, 194 
loss, 512 
calculation of, 218, 223, 237, 238 
in powdered coal furnaces, 427 
in stokers, 414, 424, 489, 529 
removal of, from producers, 580 
Clarain, 40, 41 
Classification, coal, 55 
Ashley’s, 61, 65 
Campbell’s, 57, 65 
Fieldner and Davis’ 55 
Frazer’s, 56, 65 
Parn’s) 63;00 
Regnault Griiners, 60, 65 
Summary of, 64, 65 
Twelfth Int. Geol. 
58, 59, 65 


Congress, 


INDEX 


Classification, coals, White’s, 58, 65 
coke ovens, 676 
fuels, 10 
gas burners, 318 
gas producers, 577 
mechanical stokers, 386 
Clinker, formation and prevention, 
378, 382 
in gas producers, 546, 569 
in water gas sets, 609, 610, 712 
Coal analyses (tables), 66 
anthracite, characteristics of, 51 
composition, 51, 66, 68 
consumption, 8 
heating value, 54 
production, 97 
properties, 51 
pulverization, 442 
ash, fusion point, 27, 28, 29 
Ashley’s classification, 61 
available reserves, 6 
banded, constituents, 40, 41 
bituminous, 48 
caking, 48 
composition, 49, 52, 53, 68, 69, 
70 
consumption, 8 
production, 98 
boghead, 22 
Campbell’s classification, 57 
Cannel, 22, 49 
carbonization of (see also Carbon- 
ization), 646 
cost, 671 
development, 649 
equipment, 671 
for coke, 668 
for gas, 669 
high temperature, 667 
low temperature, 667, 670 
equipment, 698 
mixing of coal, 667 
products, 649, 667 
progress through retort, 655 
volatile products, 661 
classification (see Classification, 
coal), 55 
cleaning fires, 375, 403, 580, 610 
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Coal, coking, 90 


characteristics, 44, 653, 666 
identification, 44, 652 
combustion of, 170 
on grates, 333, 336 
comparison of, 51, 54 
composition, ash, 23, 25 
ash fusibility, 26 
moisture, 24 
proximate analysis, 24 
rational analysis, 31, 33 
sulfur, 30 
ultimate analysis, 23 
consumption, 102, 103 
devolatilization, 17 
distillation of, high temperature, 
37, 646 
low temperature, 35 
material distribution on, 334 
district, 81, 88 
effect of heat on, 654 
field, 88 
fields of the United States, 89 
Eastern Province, 89 
Gulf Province, 92 
Interior Province, 92 
Northern Great Plains Proy- 
ince, 92 
Pacific Coast Province, 93 
Rocky Mountain Province, 93 
for carbonization, characteristics 
of, 44, 651, 666 
for chain-grate stoker, 389 
for gas producers, 90, 576 
for locomotives, 67 
for overfeed stokers, 391 
for powdered coal combustion, 455 
for underfeed stokers, 400 
for water gas manufacture, 632 
formation of, 13 
Frazer’s classification, 56 
gas, 282, 646, 712 
calculation of flame speed in, 
274 
radiation from flame of, 279 
gas making, 90, 666 
gases evolved on heating, 736 
heating values, 10, 52, 53, 54, 66 


Coal, hydrogenation of, 32 


ignition temperatures, 76 
loss in heating value of, on weather- 
ing, 77, 78 
methods of firing in hand-fired 
furnaces, 373 
microscopic studies, 39 
moisture in, effect on combustion, 
361 
mother of, 40 
New River, composition of, 67, 90 
nitrogen in, 31 
origin, 13 
of cannel and boghead, 22 
oxygen absorption by, 72 
oxygen in, 41 
effect of, on size of combustion 
space, 359, 360 
effect on coking of, 44 
effect on heating value of, 42 
as indication of burning quality, 
359 
Parr’s classification, 63 
Pocohontas, composition, 67, 90 
powdered (see also Powdered 
coal), 426 
production, U. 8. and Great 
Britain (diagram), 8 
oy (WR ISe Nay eh ei ON 
lignite, 100 
peat, 99 
Province, 88 
proximate analysis, 24 
quality, 359 
effect on size of combustion 
space, 355 
rational analysis, 31 
region, 89 
Regnault-Griiner’s classification, 
60 
resources, Africa, 97 
Alaska, 94 
Asia, 96 
by continents, 86 
Canada, 94 
Central America, 95 
Europe, 96 
France, 96 
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Coal, resourses, Germany, 96 
Great Britain, 96 
Mexico, 95 
Oceania, 97 
South America, 95 
semi-anthracite, 50 
composition, 51, 52, 53, 68, 69, 
70 
semi-bituminous, analysis, 50, 52, 
53 
spontaneous combustion of, 72 
effect of moisture, 75 
effect of sulfur, 72 
stack loss, chart for, 248 
storage, 80, 82, 84 
subbituminous, composition, 48, 
52, 53, 68, 69, 70 
sulfur in, 30 
swelling of, 688 
tar, 625 
tempering, 362 
Twelfth International Geol. Cong., 
classification of, 58, 59 
types, 46 
ultimate analysis, 23 
variations, 19 
volatile matter, as affecting size of 
combustion space, 355 
washing, 29 
weathering, 74, 77, 79 
effect on firing and coking 
qualities, 79, 80 
White’s classification, 58 
Coke (see also Carbonization), 10, 
646 
apparent specific gravity, 706 
breeze, 388 
combustibility, 707 
for domestic use, 710 
for gas producers, 576 
for water gas production, 711 
formation in carburetor, 625 
ignition temperatures of, 709 
metallurgical, 647 
ovens (see also Gas retorts and 
Carbonization). 
beehive, 671, 673 
by-product, 671, 675 
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Coke ovens, by-product, Becker, 
678, 679 
classification of, 676 
coke produced in, 675 
Koppers, 678 
Roberts, 682° 
Semet Solvay, 677 
Willputte, 682 
gas, composition, changes in 
during coking, 663 
heat balances on, 
684, 685 
rate of coking in, 657 
temperature gradients in, 657 
vertical retorts (see also Ver- 
tical retorts), 687 
porosity, 706 
production in U. §., 647 
properties, 705 
reactivity, 707 
specific heat, 213 
stack loss, chart for, 247 
tests, 706 
Cold efficiency of gas producer, 
237, 546 
Cold test for fuel oil, 116 
Colloidal fuel, 135, 136 
composition, 136 
manufacture, 135 
properties, 135 
Combining weights, law of, 198 
Combustibility of coke, 707 
Combustion, calculations, (see Caleu- 
lations). 
constants of gases, 205, 282 
effect of air velocity on rate of, 340 
heats of, 137, 140, 166, 167, 
205, 282 
(see also Heats of combustion). 
high or gross, 206 
low or net, 206 
of carbon, 178 
of carbon monoxide, 185 
of coal, 170 
effect of moisture on, 361 
on grates, 333, 336 
of elementary fuels, 170 
of fuel oil, 171 


516, 683, 


INDEX 


6 
Combustion of gaseous hydrocar- 
bons, 180 
of gases over fuel bed, 343 
of hydrogen, 185 
of powdered coal, 426 
products, dissociation of, 288 
rate of, and equilibrium, 145 
carbon monoxide, 183, 189, 190 
coefficient (constant), 144 
effect of catalysis, 150 
effect of diffusion, 148 
effect of draft, 381 
effect of solid surface, 149 
effect of temperature, 147, 157 
first order reactions, 145 
hydrocarbons, 183 
hydrogen, 183 
individual combustion reactions, 
143, 151 
oil-fired furnaces, 497 
second order reactions, 146 
specific surface reaction rate, 
149 
third order reactions, 147 
reactions, 137 
space, for oil-fived furnaces, 497 
for powdered coal, 455, 461 
in mechanical stoker furnaces, 
402 
size of, 348, 408 
effect of completeness of com- 
bustion on 349, 354 
effect of excess air on, 349, 353 
effect of quality of coal on, 255 
effect of rate of firing on, 349, 
353 
effect of volatile matter on, 
356, 357 
factors determining, 349 
with mechanical stokers, 408 
spontaneous, (see Spontaneous 
combustion). 
surface (see also Surface combus- 
tion), 304 
Bonecourt boiler, 307 
industrial development, 305 
mechanism, 305 
Complete gasification, 701 
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Completeness of combustion, 354 
Composition of gases, 282 
Condensing vapor films, 758 
Conduction, 746 
Conductivity, 747 
Conservation, of energy, 194 
of matter, 194 
Constituents of banded coal, 40, 41 
Contraction, losses due to, 731 
Cost of coal carbonization, 671 
of fuel oil equipment and atomiza- 
tion, 489, 490, 491, 499 
of oil storage tanks, 499 
of powdered coal, 433, 442, 462 
Convection, 746, 752 
coefficient, 774 
Conversion factors, 199, 206, 779, 
781 
Coxe stoker, 388, 408 
Cracking of gas oil, 626 
Critical velocity, 722 
Cubic feet of air per pound of coal, 
231 
Cubic feet of flue products per cubic 
foot of gas, 205 
Cubic feet of gas per pound of coal, 
228 


D 


Datum line, 515 
Dayton process, 637 

construction, 641 

heat balance of, 644 
Decomposition, of hydrocarbons, 

thermal, 185, 626 

limestone, 292 

steam, 547 
Degrees Baumé, 112 
Dellwik-Fleischer system, 615 
Density, of air, 726 

of flue gas, 726 

of materials, 769 
Destructive distillation of coal, 646 
Detonation, 267. 

rate of, in cyanogen flames, 175 
Detroit V-type stoker, 391, 392 
Devolatilization of peat, 17 
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Diffusion, 148 
diffusivity coefficients, 767, 769 
effect on rate of reaction, 338 
Dilution, 292 
Dismal Swamp, peat formation in, 
16 
Dissociation, of carbon dioxide, 160, 
168, 289, 290, 291 
of combustion products, 288 
of water, 162, 168, 289, 290, 291 
Distillation, of coal, 110 
of coal, high temperature, 37 
of coal, low temperature, 35 
of volatile matter in hand-fired 
furnaces, 376 
Distillation, destructive, of coal, 646 
Distillation, fractional, of petroleum, 
110 
Distillation zone, 334 
Doherty process, 701, 702 
Domestic gas burners (see also Gas 
burners, domestic), 310 
efficiency of, 314 
Domestic heating, coal for, 51, 66 
coke for, 710 
oil for, 504 
Domestic oi] burners, 504 
efficiency of, 505 
ignition of, 507 
Domestic oil burning, 503 
efficiency of, 505 
methods of ignition, 507 
oil for, 504 
safety in, 508 
types of burners, 504 
Down-draft gas producers, 578 
Down-run, 608 
Draft, effective, 736 
for oil-fired furnaces, 493 
for overfeed stokers, 393 
for underfeed stokers, 401 
gage, 380 
regulation, in hand-fired furnaces, 
379 
with chain-grate stokers, 387, 390 
Driers, for powdered coal, 434 
advantages, 436 
Dulong’s formula, 254 
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Durain, 40, 41 
Duration of test, 194 
D-type gas retorts, 651, 685 


E 


Economizers, pressure drop through, 
729 
Edge gas, 568 
leakage, 343 
Efficiency, air-blown gas-producer, 
545 
Bonecourt boiler, 309 
coal-fired furnace, 344 
domestic gas burners, 314 
domestic oil burners, 505 
effect of regeneration and recup- 
eration, 294 
gas producer, 559 
gas-fired boilers, 309, 530 
hand-fired boilers, 525 
increases in, with preheated air, 
294, 423 
mechanical spray oil burners, 488 
oil burner, 477, 485, 505, 
oil-fired boiler, 531 
oil-fired furnaces, 489, 493 
powdered coal-fired boilers, 462 
reheating furnace, 531 
rotary oil burners, 485 
stoker-fired boilers, 528 
Elbows, equivalent lengths of, 721 
Elementary fuels, 170 
carbon monoxide plus hydrogen, 
185 
gaseous hydrocarbons, 180 
solid carbon, 173 
Elements, atomic heat capacities of, 
215 
thermo-physical 
213, 214 
Enco oil burner, 481 
Energy, conservation of, 195 
conversion factors, 724, 780, 781, 
782 
from fuels and water-power, 2 
Equilibria, for combustion 
tions, 151-167 
variation with temperature, 143 


data of, 212, 


reac- 
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Equilibria, frozen, 166 
dependence on temperature, 143 
of reactions, 141, 151 
Equilibrium, constant, calculation of, 
141, 142, 145 
Equivalent diameter, 732 
Equivalent lengths, 721 
Ethane, thermal decomposition of, 
185 
Ethylene from coal carbonization, 
664 
Europe, coal resources of, 96 
Evaporation, in Bonecourt boiler, 
308 
Excess air, 202, 203, 221, 
246-250, 493-497 
calculation of, 225, 233, 234, 242 
effect of, on decomposition of 
limestone, 292, 293 
effect of, on flame temperature, 
287, 291 
effect of, on stack temperature, 
363, 497 
effect of, on size of combustion 
space, 349, 353 
from flue gas analysis (chart), 246 
graphical determination of, 246 
in coal-fired furnace, 248 
in coke-fired furnace, 247 
in domestic gas burners, 315 
in fuel oil furnaces, 249 
in heating furnaces, 532 
in powdered coal furnaces, 461, 
462, 465 
in producer gas furnaces, 250 
in various types’of furnaces, 493 
optimum, 362, 364, 365, 368 
with air preheater, 425 
Expansion, losses due to, 730 
Expansion of fuel oil, coefficient, 
117 
Explosion wave, 267 
characteristics, 275 
effect of pressure, 275 — 
Explosive limits (see also Inflam- 
mabily limits), 264 
calculation of, in complex mix- 
tures, 272 


233, 
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Explosive limits, effect of inert 
matter, 275 
effect of pressure, 264 
F 


Vilm coefficient, 753 
Fin wall furnace, 416, 457, 458 
Fire point, 113 : 
Firing, frequency of, in hand-fired 
furnaces, 376 
rate of, effect on gas composition, 
337 
effect of on temperature, 339 
Fixed carbon, in proximate analysis, 
24 
Flames, composition of gases in, 176, 
180 
from domestic gas burners, 310 
effect of primary air, 318 
gas, 310 
effect of aération, 316 
effect of temperature, 315 
heat transfer from, 774 
luminous, radiation from, 276, 
279, 774 
maximum speed of, 268 
propagation of, calculation of rate, 
270 
effect of oxygen concentration, 
267 
effect of tube diameter, 267, 268 
in limit mixtures, 269 
in maximum speed mixtures, 
270 
rate of, in powdered coal, 454 
radiation from, 275, 771 
temperature, effect of 
air on, 287, 291 
effect of regeneration and 
recuperation, 293 
theoretical, 205, 281 
Flash point, 113 
Flinn-Dreffein gas burner, 326, 327 
Flow of gases, 718 
in furnaces, 740 
Flow of heat (see also Heat flow), 746 
of fluids, 718 
measurement of, 732 


excess 
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Flow, straight line, 720, 721 
turbulent, 720, 721 
Flue gas, apparent temperature of, 
513 
coal driers, 438 
excess air, from analysis of, 246 
flow of, calculation, 727 
moisture in, 204 
recirculation of, 292, 502 
specific gravity, 726 
to air ratio, 202 
to producer gas ratio, 239 
viscosity, 726 
Fluid heads, 719 
Forced convection, 756 
Formal heat capacity, 214 
France, coal resources in, 96 
shale oil in, 131 
Frazer’s classification of coals, 56 
Frederick stoker, 400 
Friction drop, 718 
Friction factor, 722 
Frozen equilibria, 166 
Fuel bed, ash zone, 335 
blow holes, 342, 347 
combustion of gases above, 345 
composition of gas in, 336 
consumption of oxygen, 338 
depth of, in blue water gas gen- 
erator, 615 
in gas producers, 558, 560 
in hand-fired furnaces, 373 
in underfeed stokers, 403 
distillation zone, 334 
gas producer, reactions in, 547 
oxidation zone, 334 
pressure drop through, 728 
reduction zone, 334 
temperatures, 339 
thickness of, 373 
in blue gas generators, 615 
in gas producers, 558, 571 
in hand-fired furnaces, 373, 381 


in stoker-fired furnaces, 383, 
400, 403 
Fuel (see also Coal, Producer, gas 


etc.), classification, 10 
consumption in furnaces, 538 
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Fuel from water gas, 636 
Fuel gas to flue gas ratio, 202 
Fuel oil (see also Oil, Petroleum and 
Domestic oil burning). 
amount necessary to replace coal, 
499 
as open hearth fuel, 501 
burners, 476 
air blowers, 482 
low pressure air, 478 
mechanical, 486 
rotary, 485, 505, 506 
spray, 477 
vaporizer, 479 
venturi, 478 
changing from coal, 498 
cold test, 116 
combustion, 171, 468 
cost of atomization, 491 
costs of installation, 489, 499 
expansion coefficient, 117 
fire point, 113 
flash point, 113 
furnaces, 493 
Cannon, 496 
checker work, 494 
combustion space, 492, 497 
radiating surface, 495 
recirculation, 602 
heaters, 472, 756 
heating value, 112 
meters and thermometers, 476 
piping and valves, 476 
specifie gravity, 111 
specific heat, 117 
specifications, 111 
stack loss chart, 249 
storage tanks, 469 
strainers, 471 
sulfur, 116 
viscosity, 116 
Fuel ratio, 61 
Fuel utilization, efficiency of, 5 
Fuller Lehigh, coal drier, 436 
powdered coal burner, 449 
pulverizer, 444 
Furnaces (see 
space). 
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Furnaces, blast, heat balance, 536 
boiler, air preheaters, 294 
arches, 409 
baffles, 414 
furnace throat, 414 
heat balance on, 529 
underfeed stokers with, 408 
walls, 416 
capacity of, 344 
coal fired, efficiency of, 344 
excess air in, 493 
fin wall, 417 
flow of gases in, 415, 740 
fuel consumption of, 538 
inclined ports for, 743 
lining, 416 
losses (see also Calculations, Effi- 
ciency heat balances and 
Heat losses), 510 


muffle, surface combustion in, 
306 

oil fired (see also Fueloil, Furnaces), 
493 


efficiency of, 489 
open hearth, gas velocities in, 321 
heat balance on, 534 
ports, 319, 371 
regenerators, 295 
powdered coal (see also Powdered 
coal), 455 
preheated air with, 418 
pressure in, 331 
radiation from, 763 
regenerative, 293 
testing, 514, 517 
throat, 402, 414 
Fusain, 40, 41 
Fusion zone, 655 


G 


Gas burners, blast furnace gas, 323 
classification, 318 
domestic, 310-318 
air shutter, 311, 314 
construction of, 310 
efficiency of, 314 
flames in, 315 
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Gas burners, domestic, injection 
tube, 311, 312 
nozzle, 311 
orifice, 311 
ports, 311, 314 
requirements of, 313 


industrial (see also Industrial 
gas burners), 318 

surface combustion, 306, 307, 
327, 328 


Gas coals, 80, 652 
Gas constant, 139, 196, 197 
Gas films, 759 
heat flow through, 759 
Gas-fired boilers, efficiency of, 530 
latent heat loss, 530 
stack loss, 530 
Gas law, 194, 197 
Gas, natural (see Natural gas). 
Gas oil, 12, 111, 624 
Gas retorts, D-type, 685 
Glover-West, 691 
heating of, 704 
scurfing in, 693 
steaming in, 694 
swelling of coals in, 687 
U.G.L., 688 
vertical, continuous, 687 
vertical, intermittent, 688 
Woodall Duckham, 692 
Gaseous fuels, advantages, 260 
air required for combustion, 205, 
233, 282, 300-304 
combustion, 260 
in furnaces, 345 
combustion constants, 205, 282 
flame propagation (see also Flame 
propagation), 266-275 
heating value, 205, 282 
ignition temperature of (see also 
Ignition temperatures), 261— 
264 
properties of, 260 
Gases, air required for combustion, 
205 
calculations (see Calculations). 
combustion constants of, 205, 282 
composition of, 282 
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Gases, distribution, flow under weir, 
742 
in kilns, 741 
in recuperators, 741 
in regenerators, 741 
in reverberatory furnaces, 742 
flame temperature of (see Flame 
temperature). 
flow of (see also Gases, distribu- 
tion), 718-745 
critical velocity, 722 
equivalent diameter, 732 
fluid heads, 719, 720 
friction factor, 722 
in furnaces,.740 
loss of velocity head, 728 
methods of measuring, 732 
orifices, 312, 733 
Pitot tube, 732 
pressure drop due to expansion 
and contraction, 730, 731 
pressure drop due to velocity 
head, 730 
pressure drop in fuel bed, 728 
pressure drop in recuperators 
and regenerators, 732 
pressure drop past baffles, 729 
pressure drop past boiler tubes, 
729 
pressure drop, sources of, 728 
pressure drop through econo- 
mizers, 729 
pressure drop through ports, 732 
stack diameter, 737 
stack effect, 735 
straight line flow, 720, 721 
turbulent flow, 720, 721 
Venturi meter, 734 
viscous flow, 720, 721 
flue products of, 205, 282 
heat capacity, 207 
heat conductivity, 747 
heat values, 205, 282, 300 
limits of inflammability, 264, 265 
maximum speed mixtures, 270 
molecular weights of, 196, 205 
production of by public utilities, 
648 
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Gases, sensible heat in, 208, 210, 
283 
specific gravity, 205 
specific heats, 140, 207, 288 
molal (chart), 209 
theoretical flame temperatures of, 
205 
Gasification, complete, 701 
Gasoline, casing-head, 132 
Gas-producer (see also Producer 
gas), 541 
ash removal from, 580 
by-product recovery producers, 
588 
calculations, 227-237 
classification of, 577 
clinker in, 569 
cold efficiency, 236, 546 
composition of gases in fuel bed, 
533 
development of, 542 
down draft type, 578 
efficiency of, 559 
fuels suitable for, 576 
hand fed, 580 
heat balance, 235, 516 
hot efficiency, 237, 545 
in Europe, 588 
in United States, 582 
mechanical, 580 
operation of, 594 
pressure type, 579 
reactions in fuel bed of, 543, 547 
slagging ash, 591 
steam as efficiency aid, 546 
steam consumption, 559 
steam decomposed, 231, 232, 561 
suction type, 578 
undecomposed steam, 230, 565 
up-draft type, 578 
Georges creek coal field, 6, 90 
Georgs-Marienhuette gas producer, 
591 
Germany, coal resources in, 96 
Glover-West vertical retorts, 691 
Gram molecule, 195 
Graphical methods of combustion 
calculations, 245 
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Great Britain, coal production, 8 
coal resources, 96 
petroleum resources, 127 
Green stoker, 389 
Greene-Laucks Process, 699 
Grindle drier, for powdered coal, 
437 
Grindle pneumatic system, for pow- 
dered coal transportation, 447 
Gross heating value, 206 
in heat balances, 515 


H 


Hand-fired boilers, efficiency of, 525 
heat balance of, 528 
_ heat losses in, 526 
Hand-fired furnaces, cleaning fires, 
375 
draft regulation, 379 
feeding coal and air, 380, 384 
frequency of firing, 376 
method of firing, 373 
operation, 373 
optimum operating conditions, 377 
prevention of clinkers, 378, 379, 
382 
prevention of smoke, 381 
thickness of fuel bed, 381 
Hand-operated stokers, 394 
Hardinge mill, 445 
Hauck oil burner, 478 
Head, fluid, 719 
pressure, 719 
static, 719 
velocity, 719 
Heat balances, 215, 220, 221, 226, 
228, 237, 509, 513, 516, 517, 528, 
529, 534, 535, 536, 537, 545, 611, 
630, 643, 644, 683, 684, 690 
basis of, 514 


billet furnace, continuous, 517, 
531, 533 

billet furnace, non-continuous, 517, 
531, 533 


blast furnace stove, 517 
blast furnaces, 517, 536 
blue water gas set, 610 
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Heat balances, boiler furnace, 529 
boiler, hand-fired, 528 
boilers, 516-526, 529, 530, 531 
Bonecourt boiler, 309 
brick kiln, down draft, 517 
brick kiln, Dressler cont., 517 
brick kiln, ring, cont., 517 
calculation of, 217 
carburetted water gas set, 516, 630 
cement kiln, 536 
cement kiln, rotary, 517, 536 
coke oven, sensible, 684 
coke oven, total, 683 
datum line, 515 
gas producer, 228, 516, 559 
intermittent vertical retorts, 690 
heat absorbed in reactions, 521 
heat input, 519 
heat output, 520 
lime kiln, rotary, 517, 537 
lime kiln, shaft, 517, 537 
oil gas set, Dayton process, 644 
oil gas set, single shaft, 516, 643 
open hearth furnace, 517, 534 
summary, 516 
test codes, 516 
use in furnace testing, 519 
vertical gas retorts, 690, 696 
Heat capacity (see Sensible heat). 
Heat capacity (see also, Sensible 
heat and Specific heat). 
atomic, 214 
formal, 214 
of gases, 207, 210 
of liquids, 211 
of metals, 211, 769 
of solids, 211 
Heat conductivity, (see Heat flow). 
Heat, effect of, on coal, 35, 654 
Heat energy in combustion calcula- 
tions, 204 
Heat flow, (see also Rate of heating), 
746, 765 
by conduction, 746 
by convection, 752, 774 
condensing vapor films, 758 
conductivity, 747 
conductivity coefficients, 747, 769 
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Heat flow, film coefficient, 753 
forced convection, 756 
gas films, 759 
logarithmic mean in heater cal- 
culation, 760 
natural convection, 758 
oil heater calculations, 756 
optimum velocity, 760 
overall coefficient, 755 
path of, constant cross section, 
748 
radiation, 761 
black body 
772 
from pipes, 763 
net radiation, 761 
plus convection, 763, 766- 
778 
from pipes, 763 
thickness of pipe covering, 751 
Heat, latent (see Latent heat). 
Heat losses (consult Heat balances). 
cinder loss, 218, 512, 522 
in stack gases, 218, 220, 224, 
510, 522 
radiation, 512, 523 
unaccounted for, 513, 523 
Heat of combustion (see also Heating 
value), 137, 140, 166, 167, 
205, 282 
Heat of fusion, 211 
Heat, sensible, 282 
of gases, 510 
Heat, specific, of gases, 288 
of liquids and solids, 211, 212, 
213, 214 
of metals and other materials, 
212, 769 
Heat, total of gases, 210 
of metals, 211 
Heat transfer 
flow). 
in oil heaters,473 
in recuperators, 299, 762 
Heat of transformation of metals, 
214 
Heater calculations, 760 
Heaters, oil, 472, 756 


coefficient, 761, 


(see also Heat 
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Heating furnace, efficiency of, 
531 
Heating value (see also Heat of 
combustion), 206 
air blown producer gas, 546 
alcohol, 11 
blue water gas, 598 
carburetted water gas, 619 
coal, 52, 53, 54 
anthracite, 54 
calculated, 254 
effect of net hydrogen on, 55 
effect of oxygen on, 42 
effect of weathering on, 77 
78 
determination of, 520 
fuel oils, 112 
gases, 205, 282 
gross or high, 206 
low or net, 205, 206 
methods of approximating, 254 
calculation of, 302 
effect of inerts, 303 
use in heat balances, 515 
Heats of reaction, 137 
High pressure air atomization of 
oil, 483 
High temperature carbonization of 
coal, 667 
High temperature heating, 771 
Hot efficiency of gas producers, 237, 
545 
Huber stoker, 394, 395 
Hughes producer, 582 
Humie acid, 32 
Hydraulic radius, mean, 732 


Hydrocarbons, cracking of, 185, 
626 
mechanism of combustion of, 180— 
185 


hydroxylation of, 180, 185 
limits of inflammability of, 264, 
265 
Hydrogen, available, 25 (see also 

Net hydrogen). 

combustion, equilibrium, 161 
mechanism of, 185, 192 
rate of reaction, 161, 188 
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Hydrogen, determination of, in coal, 
23 
explosion of, 186 
free (see also Net hydrogen), 25 
from carbonization of coal, 664 
net (see also Net hydrogen), 44, 
55, 203 
Hydrogen sulfide, in blue water gas, 
602 
in carburetted water gas, 621 
in coal gas, 664, 714 
Hydrogenation of coal, 32 
Hydroxylation, of hydrocarbons, 
180, 384, 468 
in stoker fired furnaces, 384, 385 


I 


Ignition arch (see also Arches), 388 
Ignition rate, 410 
Ignition temperature, 261 
effect of moisture on, 264 
effect of pressure, 262 
measurement of, 261 
of coal, 76 
of coke, 709 
of gases, liquids and solids (table), 
709 
Hlinois coal, analysis of, 68, 346 
results of tests with, 350 
Tiluminants, 619 
Industrial gas burners, 318 
aspirator type, 319, 322 
Birkholtz Terbeck, 324 
Bradshaw, 325 
Flinn Dreffein, 327 
for producer gas, 326 
Steinbart, 325 
port type, 318, 319 
construction of, 321 
for producer gas, 319 
Loftus system, 322, 323 
proportioning machines, 329 
Maxon burner, 330 
Reeves burner, 330 
Inflammability, limits of, 264 
effect of pressure on, 264 
effect of temperature on, 266 
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Inflammability, limits of, lower, 264 
table, 265 
upper, 264 
Injection tube, 311 
in domestic gas burners, 312 
Injectors for gas producers, 579 
Inside-mixing burners, 477 
Tron, production of pig, 647 
Irreversible reactions, 141 


J 


Jeffrey mill, 444 

Jones A. C. stoker, 398, 399 

Jones oil gas process, 637, 639 
construction of set, 639 


Kk 


Kerosene, 110 
oxidation of, 181 
Kilns, brick, 517 
cement, rotary, 517, 536 
distribution of gases in, 741 
lime, rotary, 517, 537 
shaft, 517, 537 
Koerting steam injector, 579 
Kopper’s by-product coke oven, 678 
Kopp’s law, 214 
Kramer and Aarts process, 624 


L 


Laing and Nielsen process, 700 
Lakeside power station, 461 
Latent heat, 511, 512 
of metals, 214 
Latent heat loss, 530 
loss in gas-fired boiler, 530 
Law, gas, 194, 197 
Law of combing weights, 194, 198, 


199 
Law of conservation of energy, 
194, 195 


Law of conservation of matter, 194, 
195, 196, 197 

Law of mass action, 141 

Law of speeds, derivation of, 271, 272 
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Leakage in fuel beds, 343 
Lignite, 47, 52, 53, 68, 69, 70, 93 
analysis, 47, 52, 53 
combustion, 336 
production, 99, 100 
Lime-coal ratio, calculation of, 240 
Lime kiln, calculations, 238 
effect of excess air on efficiency, 292 
excess air, 242 
flue gas per lb. of coal, 242 
flue-gas—producer gas ratio, 239 
heat balances, 536 
lime-coal ratio, 240 
producer-gas-coal ratio, 239 
Limestone, specific heat, 215 
Limits of inflammability (table), 265 
calculation of, in complex mix- 
tures, 272 
effect of pressure on, 264 
Liquids, flow of in pipes, 724 
Ljungstrom air preheater, 421 
Load, effect on stack losses, 497 
Loftus port, 321, 323 
Logarithmic mean, 749, 760 
Lopuleco powdered coal burner, 451, 
452 
Losses, furnaces (see also Calcula- 
tions, Efficiency, Heat balances, 
and Heat losses), 510 
Low temperature carbonization— 
(see also Carbonization low 
temperature), 667, 670 
Luminosity, 775, 776 
Luminous flames, 276 
radiation from, 279, 772 


M 


MacLaurin retort process, 700 

Mass action, law of; 141 

Matter, conservation of, 194 

Maximum flame speed, 268 

Maximum flame temperatures, 291 

Maxon premix gas burner, 330, 331 

Mean hydraulic radius, 732 

Mean molal specific heats of gases, 
2093 

Mean specific heat, 208 
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Mechanical spray oil burners, 486 
Mechanical stokers (see also Com- 
bustion space, Furnaces and 
stokers), 383 
chain grate type, 384, 386, 403, 404 
air distribution, 387 
coals suitable for, 389, 403, 404 
combustion rate, 391, 403, 404 
Coxe stoker, 388 
draft for, 387, 390, 403 
effect of arch construction, 388, 
413 
Green stoker, 389 
mixed fuels, 389 
rate of combustion with, 391 
cinder loss, 512 
combustion space, 408 
development, 385 
furnace throat, 414 
hand operated, 394 
Huber, 394 
National, 394 
ignition arch, 409 
mixing arches, 412 
on boiler furnaces, 402, 528, 529 
overfeed type, 384, 391, 403, 404 
air admission to, 391 
coal suitable for, 391 
combustion rates, 393, 403,404 
Detroit stoker, 391 
draft, 393, 403 
Murphy stoker, 345 
Westinghouse-Roney stoker, 392 
underfeed type, 395, 401 
coal suitable for, 400, 403, 404 
combustion rate, 401, 408, 404 
draft, 401 
Frederick stoker, 400 
Jones AC stoker, 398 
multiple retort, 397 
on boiler furnaces, 408 
Riley stoker, 399 
Taylor stoker, 399 
Type E, 397 
Type H, 396, 
Westinghouse, 411 
Metals, black body coefficient, 772 
density, 769 
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Metals, heat conductivity, 747, 769 
heat content (chart), 211 
heat of fusion, 214 
heat of transformation, 214 
sensible heat, 211 
specific heat, 212, 213, 214 
temperatures of transformation, 
"214 
Methane, combustion of, 183 
from carbonization of coal, 664 
from water gas, 635 
thermal decomposition of, 185 
Methanol, 636 
Mexico, coal resources of, 87, 95 
petroleum resources of, 121 
Mixing arches, 412 
Mixing, effect of, on combustion, 352 
Moisture, effect of, on combustion, 
ifs Sieh 
effect of, on explosion waves, 275 
effect of, on ignition temperature, 
264 
effect of, on oxidation of carbon, 
172 
effect of, on oxidation of carbon 
monoxide, 150 
effect on power consumption for 
powdered coal, 436, 440, 442 
effect on spontaneous combustion, 
75 
from oxygen in coal, 229 
in coal, 24 
in coke, 105 
in flue gas, 204 
in fuel oil, 117 
in gas producer coals, 577 
in proximate analysis, 24 
textural, 74 
Molal specific heats, 207 
Molecular weights, 196, 205 
Molecular weights of gases, 196 
Mond gas producers, 588, 590 
Morgan gas producer, 584 
Motion, types of fluid, 720, 721 
Multi-mix powdered coal burner, 
453 
Multiple-retort stokers, 397 
Murphy stoker, 345 
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Naphthalene, formation of, in ear- 
buretor, 625 
from coal carbonization, 649 
National stoker, 394 
Natural convection, 758 
Natural gas, 11, 131, 132 
analysis of, 282 
energy from, 2 
gasoline from, 132 
growth of production, 3, 9 
heating value of, 282 
origin of, 131 
Net heating value, 206 
in heat balance, 515 
use of, in flame temperature cal- 
culations, 281 
Net hydrogen 44, 55, 203, 204, 206, 
512 
calculation of, 225, 231 
Neuman’s reversion, 557 
Newton’s law, 746, 765 
Nitrogen, in coal, 23, 31 
effect on characteristics of com- 
plex gaseous mixtures, 275 


Non-condensible gases, effect on 
heat transfer, 759 
Non-luminous flames, — radiation 
from, 276 
O 


Oceania, coal resources, 97 
Oil (see also, Petroleum and Fuel 
oil). 
energy from, 2 
fields, 117, 118, 124 
production, 3, 9 
shale, 127, 130 
viscosity, 114, 755 


wells, 109 
Oil burners (see Fuel oil burners), 
476 
Oil furnaces (see Fuel oil furnaces), 
493 


Oil gas, advantages, 638 - 
composition, 282, 638 
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Oil gas, Dayton process, 639 
analysis of gas, 641 
heat balances, 516, 643 
Jones process, 639 
single shot process, 643 
uses of, 637 
Oil heater calculations, 756 
Oil heaters, 472 
Oil pumps, 471 
Open hearth furnaces, 7, 295, 321, 
517, 534 
heat balance, 534 
oil fuel in, 501 
ports for, 319 
radiation losses, 524 
regenerators for, 295 
Orifice, in domestic gas burners, 
311 
types of, 734 
Orsat analysis, 201 
Outside-mixing oil burner, 481 
Oven, coke (see Coke ovens). 
Overfeed stokers (see also Mechani- 
cal stokers), 391 
Oxidation zone, 334 
formation of COs, in, 337 
gas producer, 554 
Oxygen, absorption of, by coal, 72 
action of dry—on carbon, 174 
action of moist—on carbon, 173, 
174 
comsumption of, in fuel bed, 338 
consumption of, in gas producer 
fuel bed, 543 
determination of, 
43 
disappearance of, in fuel bed, 8, 
333, 336 
effect of, on coking quality of coal, 
42 
effect of, on dissociation of CO, 
and H,O, 291 
effect of, on heating value of 
coal, 42 
Oxygen content of coal, effect of 
on size of combustion space, 359, 
360 
Oxygen for gas making, 594 


in coal, 23, 
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Packing for fuel oil pumps, 471 
Parr’s classification of coals, 63 
Peabody-Fisher oil burner, 486 
Peat, 46 
accumulation, 14 
analysis of a typical, 46 
characteristics, 46 
comparison with wood and coal, 
53 
composition, 46, 52, 53, 68, 69, 70 
devolatization, 17 
formation, 15 
production, 99 
Petroleum, (see also Fuel oil, Oil). 
11,104 
analyses of, 104, 105 
as fuel, 110 
blended, 111 
crudes, 110 
distillate fuel oils, 110 
residuums, 110 
fractional distillation, 110 
future, 122, 128 
geology, 107 
heating value, 11, 113 
origin of, 106 
production, 3, 9, 121, 123 
resources, 117 
of Great Britain, 127 
of Mexico, 121 
of the United States, 117 
Phosphorous, in coal and coke, 651, 
705 
Pier process, 634 
Piezometer ring, 732 
Pipes, for fuel oil lines, 476 
heat loses from, 763 
optimum thickness of covering, 
751 
Pitot tube, 732 
Pittsburgh coal, analysis of, 346 
results of tests with, 351 
Pocahontas coal, analysis of, 346 
results of tests with, 350 
Poland, coal resources of, 96 
Porosity, of coke, 706 
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Port type burners, construction, 
321 
Ports, flow of gases through, 743 
inclined, 743 
pressure drop through, 732 
Potential heat, 511 
Pound-mol, 138, 195, 196 
definition, 138 
volume, 196 
Powdered coal, 426 
adjustment of air supply with, 
430, 459 
advantages, 427, 464 
ash troubles with, 427, 457 
banking losses with, 465 
bins for, 445 
burners, 448 
Fuller Lehigh, 449 
Lopulco, 451 
Multimix, 453 
Rayco, 450, 451 
types of, 448 
Warford, 448 
capacities with, 465 
combustion space for, 455, 461 
consumption, 427 
costs, 433, 463 
development, 427 
disadvantages, 466 
driers, 434, 439 
advantages, 436 
types, 436 
excess air, 461, 462 
feeders, 448, 454 
flame propagation, 454 
fuels suitable, 455 
furnaces, 455 
air cooled walls for, 459 
cinder loss in, 512 
efficiencies in, 455, 462 
erosion of brickwork in, 427, 457 
rate of combustion in, 455 
sizes for, 409, 430, 455 
water cooling, 456, 458 
labor requirements, 465 
preheated air, 456 
preparation of, 428 
by storage systems, 434-454 
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Powdered coal, preparation of, by 
unit systems, 429-434 
pulverizers for, 430, 440 
pulverizing, 440 
cost of, 442 
effect of moisture, 441 
factors affecting, 440 
specifications for, 443 
safety with, 464 
slag formation, 457 
spontaneous combustion, 445 
storage, 445 
storage system, advantages of dry- 
ing, 436 
cost of preparing coal, 440, 442 
disadvantages of drying, 436 
driers, 434, 436 
equipment, 434 
layout, 435 
power consumption, 440 
transportation, 445 
unit systems, advantages, 431 
cost, 433 
power consumption, 432 
primary air, 429 
secondary air, 430 
types of pulverizers, 444 
velocity in furnace, 453 
with boiler furnaces, 460 
Power, consumption of, for powdered 
coal, effect of moisture on, 442 
storage system, 440, 442 
unit system, 432 
Power for waste heat driers, 438 
producer gas for, 581 
Precautions in coal storage, 80, 81 
Preheaters, air (see also Recupera- 
tion and Regeneration). : 
boiler furnaces, 418 
effect on efficiency, 424 
plate type, 419 
results with, 424 
rotating type, 421 
tubular type, 421 
Pressure, absolute, 197 
effect of, on explosion waves, 
275 
effect on coking of coals, 666 
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Pressure, effect of, ignition tempera- 
ture, 262 
effect of, limits of inflamma- 
bility, 264, 265, 266 
gas producer, 579 
head, 719 
with spray-type burners, 478 
Pressure drop (see Gases, Flow of), 
729 
boiler types, 729 
baffles, 729 
calculation of, 727 
economizers, 729 
fuel bed, 728 
ports, 732 
regenerators 
732 
velocity head, 730 
Primary air, effect on capacity of 
coal-fired furnace, 344 
effect on domestic gas burner 
flame, 316 
for powdered coal, 429 
in combustion of coal on grates, 
336 
Primary reduction zone, 555 
Producer gas, 541 
air-blown, 543 
analysis of, 282, 590, 595 
apparent equilibrium constant, 
563 
burners for, aspirator type, 318, 
326 
port type, 319 
calculated composition, 566 
calculations, 227 
calculations of flame speed, 274 
classification of producers, 577 
color of, 571 
effect of channels, 569 
effect of depth of fuel bed, 560, 
563, 566 
effect of undecomposed steam, 
552-567 
field of application, 542, 581 
formation of, 552 
fuels suitable for, 90, 576 


and recuperators, 
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Producer gas, gasification results, 
558 
heating value, 282, 547, 556 
latent heat in, 236 
Mond, composition of, 590 
Neuman’s reversion, 557 
oxidation zone, 554 
primary reduction zone, 555 
quality, 570 
rate of gasification, 569 
reactions, 543 
reduction zone, primary, 555 
secondary, 556 
sensible heat in, 236 
sensible heat in products of com- 
bustion, 286 
Siemens gas, 543 
stack loss, chart for, 251 
steam-coal ratio, 568 
use of oxygen, 594 
uses, 542 
water in, 565 
Producers, gas (see also Gas pro- 
ducer). 
by-product type, 588 
Chapman, 584 
Georgs-Marienhuette, 591 
heat balance on, 228, 516, 559 
Mond, 588 
Morgan, 584 
number in United States, 543 
8. F. H. producer, 591 
slagging ash, 591 
Smith suction, 586 
U. G.I. pressure, 587 
Wellman, 582 
Wollaston, 593 
Wood, 583 
Wiirth, 591 
Proportioning gas machines, 329 
Proximate analysis of coal (see also 
Analysis, Proximate), 24 
Pulverized coal, (see Powdered 
coal). 
Pulverizers, (see Powdered coal). 
Pumps, fuel oil, 471 
governor, 476 


Q 


Quigley powdered coal burner, 451, 
452 
Quinn oil burner, 479 


R 


Radiation, 746, 761 
Radiation and unaccounted for loss, 
220-226, 237-525 
Radiation from flames, 275, 278, 
MAN TES 
effect of depth of flame, 279 
effect of preheating, 279 
effect of primary air on, luminous 
flames, 279 
Radiation, heat transfer by, 761 
Radiation loss, 512 
Rate of combustion, of coal on grates 
effect of air velocity on, 340 
effect on temperature of fuel 
bed, 339 
in gas producers, 369 
oil fired furnaces, 497 
on size of coal fired furnaces, 349 
with stokers, 391, 393, 403 
Rate of flame propagation, 266 
effect of gas composition, 269 
effect of shape of container, 267 
in complex mixtures, 271 
in powdered coal, 454 
maximum, 268 
Rate of gasification, 569 
Rate of heating, 765 
cylinders, 768 
high temperature heating, 771 
influence of radiation, 775 
low temperature heating, 771 
physical constants, 769 
radiation from flames, 771, 775 
relative time, 768 
slab, 767 
small charges, 772 
solution of equations, 766 
sphere, 768 
temperature gradients, 770 
variables, 766 


INDEX 


805 


Rate of reaction, (see Combustion, 
Rate of), 143 
Rational analysis of coal, 31 
Ratios, use of, 199 
Ray oil burner, 485 
Rayco powdered coal burner, 450, 
451 
Raymond Mills, 443 
Reaction equilibrium, 141, 151 
Reaction velocity (see also Com- 
bustion, Rate of), 143 
Reactions (see Combustion, rate of; 
and Combustion reactions). 
gas producer, 543, 547 
heats of (see also Heat of combus- 
tion), 137, 140, 166, 167, 205 
irreversible, 141 
reversible, 141 
second order, rate of, 146 
third order, rate of, 147 
Recirculation of flue gases, 292 
Recuperators (see also Preheaters 
and Regenerators), 293, 418, 
613, 687 
advantages, 295 
Chapman-Stein, 298 
heat transfer, 762 
metallic, 297, 418 
pressure drop through, 732 
temperatures obtainable, 297 
tile, 298, 299 
Reduction of COz to CO, 152-157, 
337, 548 
Reduction zone, 334, 337 
primary, 555 
secondary, 556 
Reeves burner, 330 
Regenerative furnaces, 293 
Regenerators (see also Preheaters 
and Recuperators), 293, 613 
advantages, 294 
blast furnace stove, 296 
blue water gas sets, 613 
by product coke ovens, 677 
construction, 294 
distribution of gases, 743 
open-hearth furnaces, 295 
pressure drop through, 732 
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Regnault-Griiner, classification of 
coal, 60 

Retorts, gas (see Gas retorts). 

vertical (see also Vertical re- 
torts), 687 

Reverse air blast process, 633 

Reversible reactions, 141 

Riley stoker, 399 

Roberts coke oven, 682 

Rotary drier for powdered coal, 434 

Rotary oil burners, 485 

Russia, coal resources of, 96 
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Safety precautions, for domestic oil 
burners, 508 
with powdered coal, 464 
Salamander test for combustibility, 
708 
Scaling of metals, prevention of, 294, 
321 
Schutte-Koerting, 
burner, 486 
oil heater, 473 
Scotch boilers, 458 
Scotland, shale oil in, 131 
Scurfing, 693 
Secondary air, 334, 344, 347 
effect on efficiency of coal fired 
furnace, 344 
for powdered coal, 430 
Secondary reduction zone, gas pro- 
ducer, 556 
Semet-Solvay coke oven, 677 
Semi-anthracite coal, composition 
of, 50, 51, 52, 53, 68, 69, 70 
Semi-bituminous coal, composition 
of, 50, 52, 53, 68, 69, 70 
Sensible heat, 510 
of gases, 210, 236 
of metals, 211 
Sensible heat 
(chart), 283 
Subbituminous coal, composition of, 
47, 48, 52, 57, 68, 69, 70 
Shale oil, 127, 130, 131 
Shatter test, 706 


mechanical oil 


content of gases 
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Siemens gas-producer, 543 
Single-shot oil gas set, 643 
Slag, in powdered coal furnace, 
457 
Slagging-ash gas producers, 591 
Smith gas producer, 586 
Smithel’s lamp, 166 
Smoke prevention in hand-fired 
turnaces, 381 
Solids, heat conductivity of, 747, 769 
Soot, heat losses due to, 365 
South America, coal resources in, 87, 
95 
Specific gravity, air, variation with 
temperature, 726 
apparent, coke, 706 
flue gas, variation with temper- 
ature, 726 
of gases, 205 
of solids, 769 
relation to degrees Baumé, 112 
relative-viscosity ratio, 726 
true, coke, 706 
Specific heat, 207 
Kopp’s law for solids, 214 
of carbon, 140 
of elements (table), 212 
of ethylene, 140 
of fuel oil, 117 
of gases, 288 
of gases (chart), 209 
of gases (Table), 207 
of liquids, 211 
of liquids and solids (Table), 213 
of metals and other solids 
(Tables), 211, 769 
of methane, 140 
Specific reaction rates, (see Combus- 
tion, Rate of). 
Specific surface reaction rate, 149 
Split-volatile ratio, 61 
Spontaneous combustion, of coal, 
eritical temperatures in, 75 
influence of air on, 72 
influence of pyrites on, 72 
of powdered coal, 445 
prevention of, 81, 82, 83 
stages in, 74, 75 


§ INDEX 


Spray-type oil burners, air atomized, 
482 ; 
inside mixing, 477 
mechanical, 486 
outside mixing, 481 
Stack, diameter, calculation of, 737 
effect, 735, 742 
gases, heat lost in, as latent heat, 
218, 224 
as sensible heat, 220, 226 
calculation of, 218, 224 
loss (see Heat balances), 247, 248, 
249, 250, 510, 530, 535 
effect of excess air and load, 497 
reduction of, in hand-fired boil- 
ers, 526 
temperature, effect of excess air 
on, 363 
Standard conditions, 198 
Static head, 719 
Steam, consumption, for oil atomiza- 
tion, 490 
in gas producers, 559 
in steam atomized oil burners, 
484 
in Mond by-product producer, 590 
decomposed per pound of coal, 
231 
decomposition of, 547 
in blue water gas generator, 606 
by earbon, 549 
effect of air on heat transfer from, 
758 
for drying powdered coal, 439 
for gas producers, 546, 567 
for oil burners, 479 
for oil heaters, 473-756 
heated drier for powdered coal, 
436 
in vertical retorts, 694 
injectors for gas producers, 579 
superheated for blue water gas 
generators, 614 
undecomposed, effect on producer 
gas, 567 
Stefan-Boltzmann law, 279, 761 
Steinbart burner, 325 
Stinnes double rotary retort, 700 
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Stokers (see also Combustion space, 
Furnaces and Mechanical stok- 
ers), 512 

effect of preheated air on efti- 
ciency, 424 
excess air with, 365 
preheaters with, 418 
Storage of coal, 80, 445 
Storage system, 428 
for powdered coal burning, 428, 
434 
Storage tanks, 469 
for fuel oil, 499 

Strainers for fuel oil, 471 

Straw, 133 

Sub-bituminous coal, analysis of, 48, 
52, 53 

Submerged storage of coal, 79, 80, 
83, 84 

Suction type gas producers, 578 

Sulfur; determination of in coal, 23, 
30 

effect on spontaneous combustion, 
72, 445 

in carburetted water gas, 621 

in coal and coke, 652, 705 

in coal gas, 664 

in fuel oil, 116 

in gas producer coals, 577 

in water gas, 602 

Superheater, carburetted water gas, 
622 

Surface catalysis, 29, 304 

Surface combustion, 304, 310 

boilers, 307-310 
burners, 306, 327, 328 
mechanism of, 305 

Surface reaction rate, 149 

Swelling of coal, 688 

Synthol, 636 
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Tables, conversion, 779-783 
Tanbark, 133 
Tar, coke oven, 715 

as open hearth fuel, 500 
Taylor stoker, 399 
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Temperature, absolute, 197 
apparent, flue gas, 513 
color table, 780 
conversion tables, 779 
effect on coking of coals, 665 
effect on cracking of gas oil, 626 
effect on equilibrium, 143 
effect on explosive waves, 275 
effect on heat of reaction, 139 
effect on limits of inflammability, 
266 
effect on radiation, 280, 761 
effect on rate of reaction, 147 
effect on reactions in gas pro- 
ducer, 551 
flame, 280 
effect of regeneration and re- 
cuperation on, 293 
maximum, 291 
gradients in coke oven, 657 
ignition, 216, 263 
effect of pressure on, 262 
measurement of, 261 
in blue water gas generator, 617 
in low temperature carbonization, 
667 
in oil-fired furnaces, 495 
in reheating furnaces, 533 
kindling, of coals, 75-76 
of blue water gas leaving gen- 
erator, 604 
of coke in bee-hive ovens, 674 
of flue gases, 527 
of fuel bed, 339 
of fusion (melting point), 211 
of oil for mechanical spray burn- 
ers, 486 
of transformation (metals), 214 
specific gravity of air and flue gas 
vs., 726 
specific gravity, relative viscosity 
ratio vs., 726 
theoretical, of flames, 281 
wall, 776 
Tempering of coal, 362 
Test codes, 514 
Test period, 194, 518 
Tests, interpretation of, 524 


INDEX 


Textural moisture, 74 
Theoretical flame temperature, 205, 
281 
calculation of, 283 
Thermometer scales, 779 
Thornton’s rule, 301 
Throat of furnace, 414 
Thrust pressure, 17-21 
Topping, 110 


Transformation temperatures of 
metals, 214 

Transportation of powdered coal, 
445 


True specific gravity of coke, 706 

Tully complete gasification process, 
701, 703 

Tumbler test, 706 

Turbulence, effect of, 344, 461, 775 

Turbulent flow, 720, 721 

Twelfth International Geological 
Congress coal classification, 58, 
59 

Twin machine, 622 

Type E stoker, 397, 410 

Type H stoker, 396 


U 


U. G. I. pressure producer, 587 
U. G. I. system, intermittent verti- 
eal retort, 688 
Ulmice acid, 32 
Ultimate analysis of coal, 23 
Undecomposed steam, 230, 559, 
562, 563, 617 
Underfeed stokers (see mechanical 
stokers), 395 
Undeveloped heat, 356, 511, 571 
calculation of, 220 
in gas, 236 
Uniform movement of flames, calcu- 
lation of, 270-275 
Unit coal substance, 63 
Unit system for powdered 
burning, 428, 429 
United States, coal resources of, 
89-93 
petroleum resources of, 117-121 
Units, choice of, 199 


coal 
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Units, conversion factors for, 199, 779 
Up-draft gas producers, 578 


V 


Valves, equivalent lengths of, 721 
for fuel oil lines, 476 
in blue water gas generator, 604 
Vapor films, condensing, 758 
Vapor type oil burners, 488 
Velocity of combustion reactions 
(see Combustion, rate of). 
Velocity, critical, 722 
Velocity head, 719 
pressure drop due to, 730 
Vent pipe for fuel oil tanks, 470 
Venturi meter, 734 
Vertical retorts, 687 
continuous, 690 
intermittent, 688 
heat balance on, 690 
steaming in, 694 
Viscosity, effect of temperature on, 
756 
flue gas, 726 
of air, 726 
of fuel oil, 114, 116 
Vitrain, 40, 41 
Volatile matter, distillation of, in 
hand fired furnaces, 376 
effect on heating value of producer 
gas, 556 
effect on power comsumption for 
pulverizing coal, 442 
effect on size of conbustion space, 
356, 357 
in coal, 333 
in coking coals, 44 
in proximate analysis, 24 
removal by heating, 654 
vs. B.t.u. per pound of coal, 255 
Volatile products, of coal carboni- 
zation, 661 
Volume relationships, 201 
use of in calculations, 201 


W 


Wall temperature, 776 
Warford coal feeder and mixer, 448 
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Waste fuels, 130-135 
Waste heat boilers, 612, 674 
coal driers, 437 
Water (see Moisture). 
combined, in proximate analysis, 
24 
dissociation of, 288 
in producer gas, 565 
reaction with carbon, 162 
equilibrium of, 164 
rate of reaction, 164 
reaction with carbon monoxide, 
equilibrium, 165 
rate of reaction, 165 
reduction of, in gas producers, 
549 . 
Water gas, 598, (see Blue water gas 
and Carburetted water gas). 
reaction, 165, 166 
Water power, energy from, 2, 3, 9 
Water screens, 458 
Water vapor (see Moisture and 
Water). 
Water-cooled furnace walls, 416, 
456, 458-460 
Weathered coal, 
80 
firing qualities, 79 
Weights per cubic feet, 205 
Werr, flow of gas under, 742 
Wellman gas producer, 582 


coking qualities, 


Westinghouse underfeed  stoker, 
411 
Westinghouse-Roney stoker, 392, 
409 
Wilputte coke oven, 682 
Wollaston producer, 593 
Wood, 11 
as fuel, 132 
comparison with coal and peat, 
53 


composition of, 52, 53, 132, 133 
evaporative power of, 11 
Wood, fuel uses of, 132 
Wood producer, 583 
Woodall-Duckham vertical retorts, 
692, 693 
Wiirth producer, 591 
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